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Summary
Crystalline silicon (c-Si) has been the main material for solar cells as a renewable energy 
source. The main advantage has been the abundance of this material. However, due to the 
high costs, thin film alternatives to c-Si in the form of hydrogenated amorphous silicon (a- 
Si:H) has shown promising progress. The popularity of a-Si:H increased due to the lower pay 
back times although initial efficiencies were lower for a-Si:H. Higher efficiency of c-Si is 
primarily due to the absorption of broader spectrum of radiation from the sun compared to 
a-Si:H. Although cheaper to produce, a-Si:H suffers from light induced degradation resulting 
in lower efficiencies. Thinner absorber layers of a-Si:H have shown better stability in this 
regard.
In this thesis, attempts were made to fabricate a-Si:H/c-Si hybrid solar cell structures by the 
use of a laser crystallisation process using excimer laser. An excimer laser, KrF 248nm, was 
used to crystallise a-Si:H as excimer laser readily absorb into a-Si:H within a few tens of 
nanometres enabling melting and solidification creating c-Si. An a-Si:H p/i structure 
deposited on textured ITO is crystallised in partial melting regime and is used to make solar 
cells. Initially, a suitable metal for back contact was investigated. Al was selected as the 
preferred back contact compared to Au due to the better efficiencies observed. Further, 
different methods were attempted to obtain an n+-layer to complete a-Si:H p-i-n solar cell. 
Devices were fabricated for different intrinsic layer thicknesses using ion implanted 
phosphorus and diffused phosphorus as dopants in the n+-layer. Ion implanted phosphorus 
devices showed poor efficiencies due to implantation damage even after laser annealing. 
Phosphorus diffused and thermal annealed devices showed lower efficiencies than the 
reference devices, where dopant profile showed possible activation of dopants.
Excimer laser was utilised to obtain a crystallised structure in two different ways as single 
shot and multiple shot. Both methods resulted in poor device performances with increasing 
laser energy density. However, reversible increment of current density was observed for 
these devices due to the creation of high band gap silicon nanocrystals. Finally, broadband 
absorbing hybrid devices were fabricated by incorporating PbS nanocrytals/BCP with a-Si:H 
and laser crystallised silicon. Although these devices show small contributions in the IR 
region compared to a-Si:H only cells, the overall device efficiencies were observed to be 
very low.
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Glossary of terms
a-Si Amorphous silicon
a-Si:H Hydrogenated amorphous silicon
AFM Atomic force microscopy
E Applied electric field
AM Air mass
k Boltzmann constant
BCP Bathocuproine
CVD Chemical vapour deposition
E c Conduction band energy
q Charge of an electron
■I dark Dark current density
DLTS Deep level transient spectroscopy
De Diffusion coefficient of electrons
Dh Diffusion coefficient of holes
•^diffusion Diffusion current density
J drift Drift current density
<Pd Diffusion potential
ELC Excimer laser crystallised
EL Excimer laser
Eg Energy gap
n Efficiency
* s Electron affinity
He Electron mobility
Ef Fermi energy
FF Fill factor
Hh Hole mobility
HW Hot wire
IPCE Incident photon conversion efficiency
ICP Inductively coupled plasma
LA Laser annealing
Jmax Maximum output current density
Vmax Maximum output voltage
Pmax Maximum power
jac-Si:H Hydrogenated microcrystalline silicon
nc-Si:H Hydrogenated nanocrystalline silicon
NCs Nanocrystals
Voc Open circuit voltage
PECVD Plasma enhanced chemical vapour deposition
PV Photovoltaic
Jph Photo current density
PLD Pulsed laser deposition
Poly-Si Poly silicon
RBS Rutherford backscattering spectroscopy
RF Radio frequency
Js Saturation current density
Jsc Short circuit current density
Rseries Series resistance
Rshunt Shunt resistance
SWE Staebler-Wronski effect
SLG Super lateral growth
SEM Scanning electron microscopy
TCO Transparent conductive oxide
TFT Thin film transistors
TEM Transmission electron microscopy
Ev Valance band energy
VHF Very high frequency
Table of contents
Acknowledgements................................................................................................................3
Glossary of term s.........................................................   4
Table of contents...................................................................................................................6
List of publications...............................................................................................................10
Chapter 1.............................................................................................................................. 11
1. Introduction.....................................................................................................................11
1.1. Aim of the project.........................................................................................................15
1.2. Structure of the thesis  ............................................................................................ 16
Chapter 2.......................................................................................................................... ...17
2. Literature review..............................................................................................................17
2.1. Basic semiconductor and photovoltaic device physics...............................................17
2.1.1. Metals, semiconductors and insulators............................................................... 17
2.1.2. Direct and indirect semiconductors......................................................................18
2.1.3. p-n junction............................................................................................................19
2.1.4. A photovoltaic device and its equivalent circuit analysis....................................20
2.1.5. Solar irradiation ............................................................................................... 23
2.2. PV device types............................................................................................................ 25
2.2.1. Homojunction....................................................................................................... 25
2.2.2. Heterojunction...................................................................................................... 25
2.2.3. p-i-n junction......................................................................................................... 25
2.2.4. Schottky barriers................................................................................................... 28
2.3. Hydrogenated amorphous silicon (a-Si:H)....................................................................28
2.3.1. Brief history of amorphous silicon........................................   28
2.3.2. Deposition methods of a-Si:H...............................................................................29
Summary ......................................................................................................................................... 2
6
2.3.3. Structural properties of a-Si:H..............................................................................31
2.3.4. Optical properties ofa-Si:H..................................................................................32
2.3.5. Design process for a-Si:H single junction solar cells.............................................33
2.4. Highest efficiency a-Si:H single junction solar cell...................................................... 37
2.4.1. Silicon based thin film materials for photovoltaics.............................................38
2.5. Multi-junction device materials...................................................................................40
2.6. Crystallisation of a-Si:H................................................................................................ 42
2.6.1. Zone melting crystallisation..................................................................................42
2.6.2. Solid phase crystallisation..................................................................................... 42
2.6.3. Laser crystallisation............................................................................................... 43
2.6.4. Excimer laser technology...................................................................................... 44
2.6.5. Excimer laser crystallisation of a-Si:H..................................................................45
2.6.6. Excimer laser crystallised solar cells................................................................... 47
Chapter 3.............................................................................................................................. 48
3. Experimental procedures..............................................................................................48
3.1. Excimer laser processing.............................................................................................. 48
3.2. Pulsed laser deposition facility..................................................................................... 51
3.3. Metal evaporation.........................................................................................................52
3.4. Device characterisation process..................................................................................53
3.5. Incident photon conversion efficiency measurement................................................55
3.6. Ultraviolet, visible and near-infrared absorption spectroscopy  ....................... 56
3.7. Raman spectroscopy.................................................................................................... 57
3.8. Atomic force microscopy............................................................................................. 58
3.9. Transmission electron microscopy...............................................................................58
3.10. Inductively coupled plasma reactive ion etcher....................................................... 59
3.11. Rutherford backscattering spectrometry.................................................................. 59
3.12. Deep level transient spectroscopy.............................................................................60
7
Chapter 4.............................................................................................................................. 67
4. Characterisation of the metal back contacts and n-layer of a- Si:H p-i-n PVs.............. 67
4.1. Introduction..................................................................................................................67
4.2. Different metals as the back contacts of cells............................................................ 68
4.3. N-type silicon deposition using PLD.............................................................................72
4.4. Discussion......................................................................................................................75
4.5. Phosphorus doping using ion implantation................................................................ 76
4.6. Discussion......................................................................................................................83
4.7. Phosphorus doping of a-Si:H using diffusion.............................................................. 85
4.8. Activation energy in a-Si:H and ELC silicon PVs using DLTS........................................93
Chapter 5.............................................................................................................................. 98
s
5. ELC silicon solar cells and increase of short circuit current density...............................98
5.1. Introduction..................................................................................................................98
5.2. Surface analysis of ELC silicon......................................................................................98
5.3. Crystalline volume fraction........................................................................................ 101
5.4. Single shot EL crystallisation of a-Si:H for device fabrication...................................103
5.5. ELC silicon solar cells using multiple laser shots....................................................... 105
5.6. Discussion....................................................................................................................108
5.7. Increase of photocurrents in ELC silicon solar cells.................................................. I l l
5.8. Discussion....................................................................................................................113
Chapter 6..............................   118
6. ELC silicon and PbS-Nanocrystal hybrid devices.......................................................... 118
6.1. Introduction................................................................................................................118
6.2. Semiconductor nanocrystals...................................................................................... 118
6.3. a-Si:H/PbS-Nanocrystal devices................................................................................. 119
6.4. Discussion.....................................................................     129
3.13. Differential Hall profiling and sample preparation.........................................................63
8
7. Conclusions..................................................................................................................131
Bibliography............................................................................................................................136
Chapter 7................................................................................................................................. 131
9
List of publications
1. Nilushan K. Mudugamuwa, D.M.N.M. Dissanayake, A.A.D.T. Adikaari and S.R.P. Silva, 
Broadband energy harvesting with nano-composite PbS-Nanocrystal/Excimer laser 
crystallized thin film silicon hybrid solar cells, Solar Energy Materials and Solar Cells, 
93,(2009) 549-551.
2. Nilushan K. Mudugamuwa, A.A.D.T. Adikaari, D.M.N.M. Dissanayake, V. Stolojan and 
S.R.P. Silva, Reversible increase of photocurrents in excimer laser-crystallized silicon 
solar cells, Solar Energy Materials and Solar Cells, 92 (2008) 1378-1381.
3. A.A.D.T. Adikaari, N.K. Mudugamuwa and S.R.P. Silva, Nanocrystalline silicon solar cells 
from excimer laser crystallization of amorphous silicon, Solar Energy Materials and 
Solar Cells, 92 (2008) 634-638.
4. A.A.D.T. Adikaari, N.K. Mudugamuwa and S.R.P. Silva, Higher crystalline volume yields 
from excimer laser crystallization of amorphous silicon with an asymmetrical peak 
pulse profile, Symposium on Semiconductor Photonics - Nano-Structured Materials 
and Devices, JUL 01-06, 2007 Singapore, Semiconductor Photonics: Nano-structured 
Materials and Devices, 31, (2008) 185-188.
5. A.A.D.T. Adikaari, N.K. Mudugamuwa, S.R.P. Silva, Use of an asymmetric pulse profile 
for higher crystalline volumes from excimer laser crystallization of amorphous silicon, 
Applied Physics Letters 90, (2007) 171912.
10
jIII
Chapter 1
i
1. Introduction
Photovoltaic (PV) systems convert light into electricity. The term photo is taken from the 
Greek phos, which means light. Volt is named after Alessandro Volta (1745-1827), a pioneer 
in the study of electricity. Photo-voltaics, then, literally means light-electricity. PVs are 
commonly known as solar cells. (Factoran, 1995)
The photon energy received from the sun is used as the energy source for PVs. A photo­
active semiconducting material is used in a solar cell as the active material. The number of 
photons absorbed in the active semiconducting material depends on the optical band gap 
and the nature of the band gap (direct or indirect) of the semiconductor. Direct band gap 
semiconductors only require a minimum of the band gap energy to excite an electron to the 
conduction band from the valance band. However, indirect semiconductors require the 
band gap energy and an additional phonon to excite an electron to satisfy the momentum 
conservation law. A phonon is a vibrational energy required additionally in indirect 
semiconducting materials to excite an electron in k-space. An absorbed photon with 
sufficient energy excites an electron from the valance band to the conduction band in the 
semiconducting material creating a hole in the valance band. The excited electron is 
extracted to the external circuit by means of an electric field formulated across the 
semiconductor for energy harvesting. (Sze & Ng, 2007)
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The PV effect was initially observed and reported by French experimental physicist 
Bequerel in 1839. He discovered the PV effect while experimenting with an electrolytic cell 
containing two metal electrodes. In 1876, Adams and Day discovered photo-conductivity in 
selenium. (Adams, 1876) The first selenium solar cell was made by Fritts in 1894 and had 
conversion efficiency of less than 1%. (Nelson, 2003) Development of solar cells required 
understanding of the physical principles, which were provided by Einstein in 1905 and 
Schottky in 1930. In 1941, the first silicon solar cell was made by Ohl. A new era began in 
1954 when Chapin, Fuller and Pearson made an efficient silicon p-n junction solar cell at 
Bell Laboratories. Initially, the device yielded 4.5% conversion efficiency which was later 
increased to 6.0%. (Chapin, Fuller & Pearson, 1954) In 1955, the first terrestrial silicon 
module was created as part of the programme at Bell Laboratories to investigate the 
technology's potential for powering telecommunication systems. For the next 20 years the 
main applications for crystalline silicon PVs were in powering spacecraft. Growing interest 
was shown by Sharp, Philips and Solar Power by releasing small commercial modules in the 
early 1970s. The energy crisis and oil embargos of the 1970s made many countries aware of 
the risk of dependency on fossil fuels and started further research into renewable energy 
sources. This led to new device technologies, evaluated at production stage in 1980s, 
reducing the cost of solar cells. (Goetzberger & Hebling, 2000, Green, 2005)
The main reasons for silicon to be used widely for solar cells were its availability and 
broader absorption spectrum due to its band gap at l.leV . However, thicker films are 
required to increase the number of photons absorbed in silicon solar cells due to the 
indirect band gap of silicon. Silicon in the crystalline form was the main commercially 
available PV material primarily grown using the Czochralski method. In the Czochralski 
method, a single crystal ingot is grown on a rotating seed crystal pulled out from the 
molten silicon. Silicon wafers are obtained by sawing the grown single crystal ingot where 
almost 50% of the material is lost during the sawing process, leading to high production 
costs. High production cost for high quality silicon used in PVs is the main drawback for 
domestic use of PVs. (Goetzberger & Hebling, 2000)
Multicrystalline solar cells are cheaper to produce compared to single crystal silicon solar 
cells. Multicrystalline silicon is a low quality material due to the grain boundary defects of 
different crystals compared to crystalline silicon that can be used to fabricate solar cells. 
The best modules fabricated using multicrystalline silicon is only 2-3% less efficient than 
crystalline silicon. (Miles, 2006) Ribbon fed growth of silicon is another route for growing
12
silicon without the need for sawing. This is achieved by drawing a thin strip of crystalline 
silicon out of molten silicon. However, the cost of generating power from PV is still high 
compared to conventional fossil fuels. (Aubrey, 2007)
Solar cells have been produced from alternative materials apart from silicon. GaAs and InP 
are a couple of lll-V materials which have been investigated. Higher efficiencies have been 
reported for these devices mainly due to the direct band gaps of the materials. However, 
applications have been limited due to the high costs of crystalline material growth, the rare 
nature of the materials and the toxic nature of arsenic.
Fabricating thin film solar cells has been seen as a promising route to reduce the fabrication 
costs. Researchers have been investigating alternative materials to improve the current 
technologies to provide sufficiently efficient devices for mass production. Figure 1.1 shows 
a pie chart with the percentage of each material used for PVs in the world in 2006. It can be 
seen that monocrystalline, multicrystalline and ribbon silicon still dominate the market with 
a share of 92.5%. Rest of the PV market is shared by thin film solar cell techniques.
Figure 1.1: Global PV market share in 2006 (Aubrey, 2007)
These thin film materials such as CdTe (cadmium telluride), CulnSe2 (copper indium 
diselenide; CIS), Cu(lnGa) Se2 (copper Indium gallium selenide; CIGS) and hydrogenated 
amorphous silicon (a-Si:H) were seen as promising materials for PVs due to their direct 
band gaps and related high absorption coefficients. A 16.7% efficient solar cell has been 
reported as the highest for a CdTe single cell showing its potential as a ll-VI group material. 
The drawback of the technology is the toxic nature of the Cd and formation of low
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resistance contact onto p-CdTe. (Chu & Chu, 1995, Wu et al., 2001) CIS and CIGS materials 
are l-lll-V group materials. CIS has a 1.04eV band gap and alloying of Ga increases the band 
gap to 1.60eV. Devices fabricated from CIGS recently have shown their highest efficiency of 
19.9% for 0.419cm2 area single cell. Higher absorption coefficient and the direct band gap 
are the main reasons for its success. (Repins et al., 2008, Breeze, 2008, Kemell, Ritala & 
Leskela, 2005, Rohatgi et al., 1988)
Organic materials are also interesting PV materials due to its potential simplicity of mass 
production and the ability to fabricate using solutions processing. At present 5.4% efficient 
devices have been produced using organic materials. (Laird et al., 2007) Poor charge 
mobilities and stabilities of the organic materials are the major drawbacks of these devices.
a-Si:H was identified as a promising material for PVs soon after Carlson and Wronski made 
the first a-Si:H solar cell with 2% conversion efficiency in 1976. (Carlson & Wronski, 1976) 
The attractiveness was affected soon after the discovery of its inherent degradation due to 
light soaking, which was known as Staebler-Wronski effect (SWE). (Staebler & Wronski, 
1977) The device degrades due to defect creation upon light soaking, although initial 
efficiency can be regained after annealing the sample around 150-20CTC. The direct band 
gap, high absorption coefficient, its non toxic nature and abundance are seen as the main 
advantages of a-Si:H for PV applications. At present, the highest reported stabilised 
efficiency for a single junction a-Si:H solar cell is 9.47%. (Meier et al., 2004b) It can be seen 
from the literature that multi-junction/hetero-junction devices are showing promising 
results at present compared to single junction devices with room for further improvement 
Main objective behind the stacked cells is to capture a wider solar spectrum using different 
band gap materials. In addition, it has been observed that this reduces the thickness of 
each solar cell leading to lower SWE for a-Si:H. Furthermore, it has been observed lower 
SWE for thinner a-Si:H layers. (Fritzsche, 2001, Wronski, 2000)
Different types of silicon depending on the grain size also can be deposited in similar ways 
to a-Si:H which can be used as single junction or multijunction solar cells. These include 
indirect band gap poiysiiicon (poly-Si) and multicrystalline silicon (pc-Si:H) including long 
range ordered structures with different grain sizes whereas a-Si:H lacks long range order. 
pc-Si:H tandem solar cells with a-Si:H have shown 12.48% efficiency. (Yamamoto et al., 
2004) On the other hand, poly-Si with large grains have been used for thin film transistors 
due to its high mobility and the low production costs. Superior quality poly-Si can be 
fabricated using crystallisation of a-Si:H compared to direct deposited poly-Si, which has
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been used widely in thin film transistors (TFT) and has also been investigated for PV 
applications.
1.1. Aim of the project
a-Si:H is a promising low cost thin film PV material. Due to the high absorption coefficient of 
a-Si:H, only thin layers are required to absorb most of the spectrum. Low thicknesses 
required for device fabrication and low cost deposition systems are the main advantages of 
a-Si:H. Conversely, SWE is one of the main drawbacks of a-Si:H. However, better stability 
has been observed for a-Si:H devices with thinner a-Si:H layers. The band gap of a-Si:H 
limits its absorption in the lower band gap range (<1.7eV) where crystalline silicon absorbs 
upto l.leV . Therefore, if high efficiency low cost a-Si:H PVs can be fabricated with extended 
absorption of a-Si:H up to l. le V  by crystallisation wili be highly advantages. Crystallisation 
of a-Si:H has been investigated in several ways. Zone melting, solid phase and laser are the 
main crystallisation methods. In zone melting crystallisation, both the sample and the 
substrate will be heated to higher temperatures where cheap substrates such as glass will 
not be able to cope. This will increase the costs of fabricating crystallised silicon solar cells. 
The long processing time which will affect the mass production of solar cells is seen as the 
main drawback of the solid phase crystallisation. Laser crystallisation gives superior results 
in comparison to above methods due to its ability to process fast and the ability to use 
temperature sensitive substrates.
Excimer laser (EL) crystallisation of a-Si:H is seen as a promising method of obtaining large 
grain poly-Si for TFTs. The ability to crystallise a-Si:H locally without affecting the substrate 
is one of the main advantages of this system. UV range operation of EL and high UV 
absorption of a-Si:H couples well with local crystallisation process without harming the 
underlying substrates. This further encourages the use of cheap substrates such as glass 
and plastic for low cost large grain poly-Si fabrication. Large grains have been obtained by 
crystallising a-Si:H at a laser energy where super lateral growth (SLG) regime occur. Three 
regimes; partial melting, near complete melting and complete melting have been identified 
as phase transformation regimes upon melting depending on laser energy density. (Hatano 
et al., 2000b) The material is completely melted at high energies producing small grains due 
to complete nucleation and re-growth. At partial melting regime the surface of the a-Si:H 
melts, creating poly-Si grains upon re-crystallisation. A fine grained poly-Si layer is created 
underneath the poly-Si due to explosive crystallisation. The small window of energy
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between the partial and complete melting regimes result in super lateral growth. A 
systematic study has been carried out by Adikaari on excimer laser crystallised (ELC) silicon 
in the partial melting regime for PVs. (Adikaari, 2005) SLG regime is unsuitable for PV 
applications since the maximum possible thickness of the crystallised film is insufficient for 
photon absorption from this regime. Therefore, this project aims to fabricate and 
characterise EL crystallised silicon PVs with a view to enhance stability and efficiency in 
partial melting regime. In the process of characterisation, n-layer deposition methods will 
also be analysed for complete a-Si:H p-i-n device fabrication.
Alt PV devices fabricated in the project are using glass/ITO (500nm), p* a-SiC:H (~12nm), a- 
Si:H (400nm) structure obtained from a commercial producer. Solar simulation using 
AM1.5G radiation is utilised as a fundamental characterisation technique supplemented by 
a number of other characterisation techniques.
1.2. Structure of the thesis
Chapter two of this thesis presents a comprehensive literature review of laser 
crystallisation of silicon with some basic PV device physics. Chapter three presents all the 
experimental techniques utilised in this project. Chapter four, the first results chapter, 
discusses the role of the n+-layer of a-Si:H PVs and details the attempts made at fabricating 
an n+-layer onto the structure utilised. Following the merits and demerits of each technique 
attempted, a short section on study of electronic trap states in a-Si:H studied using deep 
level transient spectroscopy is also presented in chapter four. Chapter five presents the 
analysis of single shot and multiple shot EL crystallisation and fabricated device properties. 
Chapter 5 also explains observed reversible increase of short circuit current density of ELC 
silicon PV device. The last results chapter, chapter six, presents the fabrication and 
operation of ELC silicon/PbS-Nanocrytals hybrid PV devices. The thesis concludes with a 
summary of all the findings of the project.
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Chapter 2
2. Literature review
A basic overview of the PV device physics is presented in this chapter. Properties of a-Si:H 
as a PV material, including advantages and disadvantages are discussed. a-Si:H PV design 
and a review of the current high efficiency PVs is followed by a multi junction device 
review. The use of alloys of a-Si:H and pc-Si:H in a-Si:H multijunction cells which currently 
reports the highest efficiencies for these devices are presented.
2.1. Basic semiconductor and photovoltaic device physics
2.1.1. Metals, semiconductors and insulators
Semiconductors do not conduct electricity as freely as metals. Figure 2.1 shows the 
characteristics of semiconductors, insulators and metals using band diagrams. An electron 
that is partaking in conduction will be in the conduction band. The conduction band is the 
first allowed band lying above the valance band. The valance band is the highest filled 
energy band at zero Kelvin in semiconductors and insulators. An electron in the valance 
band of an insulator needs a higher amount of energy compared to a semiconductor in 
order to be excited to the conduction band across the band gap. This is the main difference 
between insulators and semiconductors. Hence, their conductivity ranges from ~10'8- 
lO^cm"1 and ~<10'8Scm'2 respectively. (Sze & Ng, 2007) In metals, as shown in Figure 2.1,
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the valance band is either adjacent or overlapping the empty conduction band. (Parker, 
2 0 0 4 )
A full band or an empty band cannot conduct at low temperatures. If energy is supplied to 
excite an electron from the valance band to the conduction band, then the electron in the 
conduction band is available for conduction. The vacancy created in the valance band is 
called a hole and behaves like a positive charge. If the number of electrons in the 
conduction band and the number of holes in the valance band are equal, the material is 
known as intrinsic, i.e. an undoped semiconductor. In extrinsic, doped semiconductors, the 
extra charge carriers introduced can be either electrons or holes that dictate the type of 
semiconductor created; i.e. n or p type.
UQ
Filled states
Empty 5  
conduction 
band
Forbidden energy gap
Full valance 
band
Empty states
Large energy gap
Conduction
band
Valance band
Adjacent bands
w
At low tempreature
semiconductor insulator metal
Figure 2.1 : Energy band diagrams o f semiconductors, insulators and metals.
2.1.2. Direct and indirect semiconductors
For crystalline solids, the band structure is represented by an energy-momentum (E-k) 
relationship. The energy separation between the energy of the lowest occupied conduction 
band (Ec) and the energy of the highest occupied valance band (Ev) is called the band gap in 
the E-k relationship. This lowest energy separation point of the energy bands can be aligned 
or misaligned in k-space. The lowest energy separation of the two bands, if aligned, is called
f  Conduction 
band
▼
Valance band
Overlaping bands
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a direct band gap material and if misaligned is called an indirect band gap semiconductor. 
For semiconductors with an indirect band gap, an additional component of energy is 
required for excitation of an electron from the valance band to the conduction band. The 
phonons which are vibrational energy are utilised to gain the extra momentum required in 
an indirect band gap semiconductor to excite an electron to the conduction band from the 
valance band compared to a direct band gap semiconductor. Figure 2.2 shows the E-k 
diagrams of direct and indirect band gap semiconductors. (Sze & Ng, 2007)
Energy E Energy E
Direct band gap Indirect band gap
semiconductors semconductors
Figure 2 .2 : E -k  relationship o f direct band gap and indirect band gap semiconductors.
2.1.3. p-n junction
The most widely used junction in PVs is the p-n junction. It is formed by doping the
semiconductor with appropriate dopants. When p-type and n-type materials are formed,
majority carriers start to diffuse from one side to another, (electrons diffuse from n side to 
p side and vice versa for holes) The diffused electrons and holes will result in a depletion 
region. This leads to the creation of an electric field across the depletion region and
minority carriers start to drift from one side to another.
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Depletion
region
Figure 2.3 : Energy band diagram o f p-n junction at thermal equilibrium.
Figure 2.3 shows the band diagram of a p-n junction at thermal equilibrium where the 
Fermi levels are aligned. The equilibrium is established when the drift current is equal to 
diffusion current. (Sze & Ng, 2007, Grundmann, 2006, Kasap, 2006)
J d i f f u s i o n  =  ’
J d r i f t  =  qnneE + qpnhE (2.2)
Equation (2.1) and (2.2) represent the diffusion and the drift current densities respectively. 
(Sze & Ng, 2007) JdiffUsion, Jdrift represent the current densities of diffusion and drift 
correspondingly and De and Dh are the diffusion coefficients for electrons and holes. pe and 
ph are the electron and hole mobilities respectively where n and p represent the electron 
and hole concentrations. The electron (hole) charge is represented by q and E is the applied 
electrical field.
2.1.4. A photovoltaic device and its equivalent circuit analysis
Figure 2.4 shows the layout of a pn junction PV device. Photons are absorbed upon 
illumination and electrons in the valance band will be excited to the conduction band. From 
the field created, the photo-generated electrons move towards the n side and the holes 
towards the p side, which is called a drift current. Separated charge carriers due to the 
built-in field will be extracted at the metal contacts.
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p n
P h o to n £ ^ -^  
energy
Photocurrent
Load
Figure 2.4 : pn junction PV device.
V V
Figure 2.5 : PV device equivalent circuit diagram for (a) ideal and (b) non ideal scenarios.
Notations as follows, photocurrent density (JPh), dark current density (Jdaru), voltage across the 
load (V ), current density across the load (J), Rseries and Rshunt represent series and shunt 
resistance respectively. (Green, 1982)
Figure 2.5 (a) shows an ideal PV equivalent circuit diagram. The current density-voltage (J- 
V) relationship of the ideal scenario is given by equation (2.4) where Jph and Jdark represent 
the photo-generated current density and dark current density, respectively. Jdark is given by 
equation (2.3) and n represents the ideality factor. The ideality factor is 1 when the current 
is due to minority carrier diffusion in the neutral region and 2 when it is due to 
recombination in the space charge layer. V is the voltage across the cell and Js is the reverse 
saturation current density, k, T and q are Boltzmann constant, temperature and charge, 
respectively.
Jdark = Js ( eq-  1)
J = J s  (e QV/nkT — 1  ^—)~Jph
(2.3)
(2.4)
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The open circuit condition is when the net current flowing through the circuit is zero. The 
open circuit voltage (Voc) for an ideal scenario is shown in equation (2.5).
K c  — - 7 - ln ( x +  l )  (2.5)
Q ' Js
At short circuit condition, the Voc will be zero and the net current flowing through is given 
by equation (2.6).
/ qvpc \
J sc = Js ( e nkT ~ 1) ~  Jph and when Voc = 0
Jsc — Jph (2*6)
However, parasitic effects are observed for practical PV devices which include series and 
shunt resistance as shown in Figure 2.5 (b). Equations (2.7) and (2.8) represent the non 
ideal condition.
/  -  Js (e n^kT ~  l )  + Jshunt -  Jph (2*7)
J= Js  ( e ^ ’ ^ ^ l n k T  - i )  + (2.8)
Pmax ~ VmaxJmax (2*9)
Figure 2.6 shows the ideal J-V characteristics curve (dark and light) for a PV device. The 
maximum voltage (Vmax) and the maximum current density (Jmax) are defined as the 
parameters at the maximum power point. The maximum output power is given by the 
equation (2.9). (Sze & Ng, 2007) Fill factor (FF) represents the squareness of the J-V curve 
and is defined by equation (2.10). The fill factor mainly depends on the Rseries and Rshunt 
which are the series and shunt resistances of the device. The effect of these resistances is 
shown in Figure 2.7.
PP = ^max hnax (2 10)
Voc Jsc
The power conversion efficiency of a device is given by equation (2.11), where Pin is the 
power of the solar irradiation (AM 1.5G, lOOOWm'2).
v o/0 = 2ss* = Zlochc x 100
P in P in
Pin — 1000 Wm 2 =  100 mWcm 2
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Figure 2 .6 : D ark and light current-voltage curves for an ideal P V  cell. j
t
Figure 2 .7 : Effect o f the series and the shunt resistant on the output characteristics o f solar cells. 
2.1.5. Solar irradiation
Sun, source of the PV effect produces vast quantities of energy in the form of 
electromagnetic radiation. The earth's atmosphere receives a power density of 1367Wm'2. 
(Grundmann, 2006) This radiation is further reduced due to atmospheric absorption and is 
approximated to be lOOOWm'2 at the surface of the earth.
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Figure 2.8 :The path length and Air Mass effects with the zenith angle. (Oriel C o., 1993)
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Figure 2.9 : Solar irradiance at the surface o f the earth and the black body radiation spectrum at
5760K  temperature. (N R E L -A S T M )
Air Mass (AM) is introduced to account for atmospheric effects on solar irradiation. This is 
mainly due to the variance of the solar energy received at the surface of the earth and it 
depends on location, atmospheric conditions, time of the day, earth/sun distance etc. 
Figure 2.8 shows the schematic representation of Air Mass. AM 1.5 Global is used as the 
standard to investigate solar cells in this project. The AM 1.5G is shown in Figure 2 .9  with 
respect to the wavelength and shows the black body radiation which approximates to the
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sun's energy at a temperature of 5760K. The attenuations observed at the surface curve are 
mainly due to the absorption of energy by 0 3, H20 and C02.
2.2. PV device types
2.2.1. Homojunction
These junctions are formed from the same material with different impurities that create 
both p-type and n-type sides of the junction. {Green, 1982) The internal field of the device 
will be symmetric if the dopant densities are the same for both sides of the junction and 
they each have comparable activation energies. The most familiar homojunction is the 
conventional silicon p-n junction solar cell. Figure 2.10 shows the energy band diagram of a 
homojunction.
2.2.2. Heterojunction
If the two sides of the junction are made with different materials, the junction is termed as 
a heterojunction. The band structure of a heterojunction depends on the work functions 
and electron affinities of the materials used. The Fermi level of the two different 
semiconductors should be the same at thermal equilibrium and an electrostatic potential 
must be built up across the device, equal to the difference in work function. Figure 2.11 
shows the energy band diagram of a p-n heterojunction.
2.2.3. p-i-n junction
Mainly p-i-n junctions are used for materials having lower diffusion lengths in the case of 
PV devices. This method is being adopted mainly for a-Si:H solar cells as doping these types 
of materials will further reduce the diffusion length compared to the intrinsic material. This 
will minimise the photo-generated charge carrier extraction, which is avoided by using thin 
layers of p and n-type, sandwiched with an intrinsic layer. The carriers generated will be 
extracted from the broad built-in electric field generated by the thin heavily doped layers 
across the intrinsic layer. The energy band structure of a typical p-i-n device is shown in the 
Figure 2.12.
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Evoc -  vacuum level
Figure 2.10: Energy band diagram for a p-n junction. The vacuum level (Evac), valance and 
conduction band edges (E V,E C), Fermi level (EF), band gap (E G), electron affinity (Xs) and the 
diffusion potential (<J>D) are indentified in the figure.
vac
Figure 2 .11 : Energy band diagram o f p-n heterojunction. The vacuum level (Evac) valance and 
conduction band edges (E V,E C), Fermi level (EF), band gaps (EG1,E G2), electron affinities (Xi, X2) 
and the diffusion potential (d>D) are shown in the figure.
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p-type Intrinsic layer n-type
Figure 2 .12: Energy band diagram o f a p-i-n device. The vacuum level (E vac) valance and 
conduction band edges (E V,E C), Ferm i level (Er), band gap (E G) and electron affinity (%,) is
shown in the figure.
Figure 2 .13 : Energy band diagram o f Schottky barrier, E vac vacuum level, valance and 
conduction band edges (E V,E C), Fermi level (EF), electron affinity (&) and band gap of the 
semiconductor (E G), work function o f metal and semiconductor (d>m,<l>s) and the diffusion
potential (<Dd) are shown.
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2.2.4. Schottky barriers
Combination of a suitable metal and a semiconductor results in a Schottky barrier. The 
diffusion potential equals to the difference in work functions of the metal and the 
semiconductor under ideal conditions. A significant factor for the Schottky barriers is 
interface states. A typical Schottky barrier is shown in the Figure 2.13.
2.3. Hydrogenated amorphous silicon (a-Si:H)
In this section an introduction to hydrogen incorporated amorphous silicon is presented 
followed by a-Si:H deposition techniques and its electronic and optical properties. The 
principle of the a-Si:H p-i-n solar cell structure is analysed and the highest efficiency single 
junction solar cell (at present) is discussed. Development of different silicon thin films and 
alloys of a-Si:H is explored and multijunction solar cells fabricated from these materials are 
presented. Further, crystallisation processes of obtaining crystalline thin film silicon from a- 
Si:H are discussed. The use of EL and its advantages are explained followed by the phase 
transformation of a-S:H due to EL crystallisation is presented.
2.3.1. Brief history of amorphous silicon
Amorphous silicon (a-Si) was initially deposited without hydrogen incorporation which 
resulted in high defect densities. a-Si:H was first deposited by Chittick and co-workers 
(1969), which was obtained accidentally in a remote part of a plasma reactor. a-Si:H 
showed improved conductivities compared to a-Si, which was a significant milestone in the 
thin film industry. Deposition of a-Si:H by Chittick and co-workers used a silane based glow 
discharge induced by radio frequency (RF) power, a method which is termed Plasma 
Enhanced Chemical Vapour Deposition (PECVD). Investigations were continued by Spear 
and he introduced a systematic study of a-Si:H using PECVD in 1974. The following year 
Spear and LeComber obtained doped a-Si:H by adding doping gases (diborane and 
phosphine) to the deposition process. (Shah et al., 2004) The reduction of defect density 
due to the presence of hydrogen in a-Si:H was elucidated by a group at Harvard university. 
Shortly, in 1976 a-Si:H solar cells fabricated at Radio Corporation of America (RCA) 
laboratories by Carlson and Wronski set the standard for device materials. (Street, 1991)
In 1977, the light induced degradation effect of a-Si:H was discovered and coined the SWE. 
After exposure to light, the devices degraded by 30% of their initial efficiencies and 
stabilised thereafter. The cause for this phenomenon is the creation of additional dangling
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bonds upon illumination. The extended illumination creates additional defect densities, 
reducing the device efficiencies. (Fritzsche, 2001) However, the degradation has been 
reversed mostly after annealing at 15CPC. These defects are named as metastable defects. 
The illumination creates extra defects and the defect density is calculated to be ~1017cm'3. 
It is observed that for thinner intrinsic layers, degradation is lower around 10-15% of initial 
efficiency. In addition, higher electric fields across intrinsic layers have also shown 30% 
improvement in SWE. (Poortmans & Arkhipov, 2006, Fritzsche, 2001, Wronski, 2000)
Deposition parameters are critical in fabricating a-Si:H PVs. With PECVD as the most widely 
used method, the deposition depends mainly on gas pressure, RF power and the deposition 
temperature. High quality a-Si:H can be deposited at around 25CTC with ~10% (atomic) 
hydrogen dilution. (Street, 1991) The substrate temperature is also a critical parameter in 
obtaining device quality material. At low substrate temperatures, more hydrogen 
incorporation is observed leading to a higher band gap and poor electronic properties. 
Reduced band gaps are observed at high substrate temperatures. Since different deposition 
conditions provides for a diverse range of a-Si:H, it is difficult to provide an accurate 
percentage of atomic hydrogen which will start to increase the band gap. However, Flewitt 
& Milne (2005) compared two different substrate temperatures with different hydrogen 
content, where they obtained a-Si:H of 1.85eV band gap (dark conductivity-lxlO'9Q W 1) 
with 10% (atomic) hydrogen at 300°C substrate temperature, compared to 2.01eV (dark 
conductivity-exlO'11©"1!^'1) gained with 17% (atomic) hydrogen at 80°C. (Koch, Ito & 
Schubert, 2001, Saha, Ghosh & Ray, 1997, Zellama et al., 1996)
Ease of depositing doped a-Si:H has been seen as one of the main advantage compared to 
other thin film materials. Doping can be achieved by using SiH4 with other gases. For n-type 
a-Si:H, phosphine (PH3) and for p-type a-Si:H, diborane (B2H6), BF3 or trimethyl-boron is 
mixed with the deposition gases.
2.3.2. Deposition methods of a-Si:H
The growth of a-Si:H can be achieved in several ways; mainly gas phase and physical phase 
depositions. High quality a-Si:H is mainly deposited in gas phase deposition methods which 
include Radio Frequency (RF)-PECVD, Very High Frequency (VHF)-PECVD, microwave PECVD 
and hot-wire (HW) CVD. Sputtering and ablation are a couple of physical processes which 
produce a-Si:H.
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There are several ways that a PECVD system can be used to deposit a-Si:H. The most 
commonly used system for device quality a-Si:H deposition is the RF-PECVD system, at 
13.56MHz. (Suendo, Kharchenk & Cabarrocas, 2004) The plasma excites and decomposes 
silane and H2 and in the process generates radicals and ions in the chamber. The optimum 
condition of H2 incorporation is about ~10% (atomic), and it has been observed that it is 
sufficient to passivate most of the dangling bonds without forming microvoids caused by 
hydrogen clusters. Figure 2.14 shows a schematic diagram of a RF-PECVD system. The main 
advantage of this system is the low deposition temperature. The deposition temperature 
can be 200-250”C, where low cost substrates can be used. This process is also recognised as 
glow discharge PECVD due to the energy release in the visible range after collisions.
Multi chamber deposition systems are used mainly to deposit different layers in different 
chambers to avoid contamination. Single chamber processes also exist at present using 
different treatments to clean the chamber. Stabilised PV efficiency of 8.2% has been 
reported using a single chamber process. (Kroll et al., 2004) The low deposition rate (0.1 - 
OJnms1) has been the main drawback of these systems. Several routes have been 
investigated to improve the deposition rate which includes VHF, high power and high 
pressure, microwave PECVD and other CVD techniques.
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Figure 2.14: Schematic diagram o f a typical rf PEC V D  system.
Increasing the RF-power and the pressure of the deposition gases enhances deposition 
rates of a-Si:H in the RF-PECVD system. a-Si:H p-i-n devices with a stabilised efficiency of 
6.5% with a thin film deposition rate of 1.2nms1 has been reported with such a system.
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{Rech et al., 2001) Furthermore, higher frequency range for plasma excitation has been 
investigated apart from the standard 13.56MHz excitation frequency. This process is called 
VHF-PECVD where the frequency range is ~70-130MHz. (Meier et al., 2004a, Sriprapa & 
Sichanugrist, 2003) Meier et al. (2004a), has reported the highest stabilised efficiency for a- 
Si:H p-i-n solar ceils deposited using the VHF-PECVD system. The device has shown 9.47% 
stabilised efficiency with 0.858V open circuit voltage and 17.5mAcm'2 short circuit current 
density where the device is deposited at ~0.5nms1 rate. (Meier et al., 2004b) The main 
drawback of this system is the uniformity for large area fabrications.
Microwave PECVD is another deposition method which has been investigated with 
excitation frequency in the range of GHz, leading to higher deposition rates. The main 
advantage of the microwave PECVD system is the uniformity of the material without 
requiring further thermal treatments. (Flewitt & Milne, 2005, Gu & Chen, 2006)
The main difference between RF-PECVD and the HW-CVD is that the RF electrode is 
replaced with a heated metai filament. Improved deposition rates and device quality a-Si:H 
with low hydrogen content are seen as the main advantages of this technique. The highest 
efficiency of 7.2% has been achieved for an n-i-p device which was deposited using a HW- 
CVD system. 9.8% efficiency n-i-p device has been fabricated with higher deposition rate of 
1.65nms_1, using a combination deposition scheme of PECVD (for p+ layer) and HW-CVD. 
(Mahan, 2004, Veen & Schropp, 2002, Filonovich et al., 2008) The requirement of high 
substrate temperatures (>35CfC) and difficulty of depositing device quality doped layers 
have been the main drawbacks of the HW-CVD. (Wang et al., 2000, Veen & Schropp, 2002)
2.3.3. Structural properties of a-Si:H
The main difference between the crystalline silicon and a-Si:H is its atomic structure. 
Crystalline silicon has long range order, where each silicon atom is covalently bonded with 
neighbouring silicon atoms. These bonds have identical lengths and angles throughout the 
structure as shown in Figure 2.15(a). Conversely, a-Si:H is a disordered semiconductor with 
short range order (long range disorder) and has coordination defects in its atomic structure. 
(Street, 1991) In a disordered material, an atom can have too many or too few bonds which 
are known to be the fundamental defects in amorphous semiconductors. These defects will 
act as recombination centres. Figure 2.15(b) shows a diagram of a-Si:H with dangling bonds 
in red and passivated ones are shown in small white circles. In pure a-Si, the defect density 
in the atomic structure is ~1021cm'3. In early research, a-Si was not used as a
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semiconducting material due to its high defect density. Incorporation of hydrogen during 
deposition led to passivation of most of the dangling bonds leading to lower defect 
densities ~1015 -  1016cm'3.
Figure 2.15: 2D schematic diagram o f crystalline silicon on the left hand side (a) and a-Si:H  with 
silicon dangling bonds on the right hand side (b).
Crystalline silicon consists of a well defined band gap from valance band to conduction 
band. Due to the long range disorder in the a-Si:H, energy states spread from the valance to 
the conduction bands, forming band tail states in a-Si:H. Figure 2.16 shows the density of 
states of a-Si:H, where the abrupt band edges of a crystal are replaced with a broadened 
tail states extending into the forbidden gap. The band tails are very important, as the 
electronic transport occurs at the band edges. This arises because of the bonding disorder. 
The defect states at the middle of the band gap represent the dangling bond defects which 
can be acceptor, donor or neutral like defects. The optical band gap of a-Si:H is ~1.7eV, 
where the mobility gap is ~1.8eV. This is slightly higher as the mobility gap separates the 
localised states and the extended states. (Wronski et al., 1989, Lee et al., 1990)
2.3.4. Optical properties of a-Si:H
Figure 2.17 shows the absorption coefficient of both crystalline and a-Si:H. For a-Si:H, a high 
absorption coefficient is observed from the UV to visible range, compared to crystalline 
silicon. The thickness required to absorb the higher energy photons is less due to its high 
absorption coefficient compared to crystalline silicon. High absorption coefficients and 
direct band gaps have made a-Si:H an excellent candidate for thin film PVs.
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Figure 2 .16 : Density o f states distribution for a-Si:H .
Energy |eV)
Figure 2 .17 : Absorption coefficient o f crystalline silicon and a-S i:H . (Street, 2000)
2.3.5. Design process for a-Si:H single junction solar cells
A conventional crystalline silicon solar cell is fabricated using a p-n junction configuration. 
Silicon p-n junction solar cells extract photo-generated carriers by minority carrier diffusion 
with diffusion lengths that are as high as 200pm. In a-Si:H, the minority carrier diffusion 
length is very small (~0.1pm) and it is impossible to base the collection of photogenerated
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carriers on diffusion alone. (Shah et al., 2004) In addition, doping of a-Si:H degrades the 
quality of the material. Doping creates additional silicon dangling bonds, which can act as 
recombination centres. As a result, in the doped regions the photo-generated carriers 
recombine before they get extracted leading to poor a-Si:H p-n devices.
The p-i-n structure is designed to eliminate this problem, where the device structure 
consists of p-doped, intrinsic and n-doped layers. The doped layers are thinner compared to 
the intrinsic material to minimise recombination in the doped layers. Thin p-doped layers 
act as a window layer for incoming solar irradiation and most of the photons are absorbed 
in the intrinsic layer. The electric field created from p and n doped layers across the intrinsic 
layer extracts the generated carriers. (Rech & Wagner., 1999)
p-i-n solar cells can be illuminated either from the n-side or p-side. Figure 2.18 shows 
simulated results with different thicknesses of i-layers with different absorption coefficients 
(as indicated in the Figure 2.18) where illumination is from either side of the solar cell. The 
solid symbol shows the light illuminated from p-side of the devices. It can be seen that the 
power output is saturated after 200nm indicating the requirement of thin material. The 
device illuminated from the n-side shows similar power outputs for low illumination but at 
higher illumination, low efficiencies are observed at higher thicknesses. The holes 
generated at the absorber layer due to the n-side illumination needs to drift to the p-side, 
travelling further compared to holes generated from the p-side illumination as most of the 
photo-current generation takes place in the absorber layer near the illumination surface. 
This creates a pool of holes and reduces the electric field in the n-side illuminated device 
whilst increasing the recombination leading to low power outputs. Hence, illumination is 
generally guided from the p-side of the p-i-n solar ceils to enhance the hole collection 
efficiency. (Poortmans & Arkhipov, 2006, Deng & Schiff, 2003)
In order to design an optimum p-i-n a-Si:H solar cell, every single layer play an important 
role. This section will highlight the main importance of each layer contribution for the 
optimum functioning of the solar cell.
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Figure 2 .18: Simulation o f the power output o f an a-S i:H  solar cell for different absorption 
coefficients. Solid symbols represent where the pin device illuminated from the p-side and open
The p-doped a-Si:H layer is important for a few reasons. It was discussed earlier that the 
carriers generated by light in the doped layers recombine very quickly. Conversely, higher 
doping densities will create higher electric fields across the intrinsic layer extracting more 
charge carriers. In general, highly doped (1018-1019cm'3) or heavily doped (102°-1021cm‘3) 
thinner (~10nm) p-layers are used to fabricate a-Si:H p-i-n solar cells. The p-type doping 
increases the band gap (~1.9eV) of a-Si:H, which is an added advantage as it will absorb less 
spectrum. (Rech & Wagner, 1999) Furthermore, carbon is incorporated during the p-layer 
deposition to create p+ a-SiC:H, where the band gap is further increased (~2.2eV) and this is 
aiso called a window layer. Moreover, highly doped conductive layers will provide a near- 
ohmic contact with the electrode attached to the device. (Poortmans & Arkhipov, 2006)
The device performance, mainly Voc and FF are mostly governed by the p/i interface due to 
high absorption near the interface and the band offset between the wide band gap p- 
doped layer and intrinsic layer. Furthermore, the energy offset will reduce the photo­
generated holes movement from the intrinsic layer to the p-doped layer. The band off-set 
between the p-layer and the intrinsic a-Si:H layer is introduced to enhance the interface 
electric field drop and to prevent back diffusion of photo-generated electrons into the p­
symbols shows the illumination from  the n-side. (Deng &  Schiff, 2003)
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layer and named as a buffer layer. Additionally, this acts as a diffusion barrier preventing 
dopant diffusion from the p-layer to the intrinsic layer. High quality intrinsic or lightly doped 
a-Si:H, a-SiC:H and pc~Si:H have been investigated as buffer layers. (Korevaar et a!., 2002, 
Vet & Zeman, 2008, Palit & Chatterjee, 1999, Rech , Beneking & Wagner, 1994)
The absorber layer is the critical component of the a-Si:H p-i-n solar cell. This is designed to 
absorb maximum incident spectrum to generate more photo-generated carriers. High 
absorption can be gained by using thicker layers. However, due to the lower collection 
efficiencies, an optimum thickness exists to maximise the number of charge carriers. The 
optimum device thickness is around 250-350nm as can be seen from Figure 2.18. Intrinsic 
material with low defect density, high mobility and increased lifetime of the carriers is 
required to gain higher efficiencies.
Generally, ~20nm of an n-doped layer is deposited and dopant density is matched with the 
p-doped layer. Thinner layers are again used here to reduce the recombination loss due to 
the high defect densities in doped layers. Highly n-doped conductive layers are expected to 
provide a near-ohmic contact to the metal contact as well. The work function of the back 
metal is preferred to match the conduction band of the n-doped layer to avoid band 
offsets.
Since the incident light comes through the p-side of the device, the contact to the p-side 
should be transparent and capable of extracting holes. These contacts are called 
Transparent Conductive Oxides (TCO). Indium Tin Oxide (ITO), Sn02, Sn02:F and ZnO:AI are 
few of the TCO used in thin film a-Si:H solar cells. Different methods are used to deposit 
these TCO and the quality depends on the substrate temperature required during a-Si:H 
material deposition process and the ion bombardment during the plasma process.
A single junction p-i-n device can be fabricated either in a superstrate or a substrate 
configuration. Figure 2.19 shows both configurations. In the superstrate structure, the light 
will be directed through the glass and the TCO, where as in the substrate configuration, the 
light will be directed only through the TCO. In the superstate structure, the material is 
deposited onto the TCO plated glass as p,i and n layers, followed by the metal where as for 
substrate structures, deposition is on to the metal/plastic substrate. The deposition starts 
with an n layer followed by i, p and TCO and sometimes an encapsulation layer with glass. 
The substrate configuration is mostly used to fabricate flexible devices where the substrate 
is not required to be transparent. In both configurations, light trapping mechanisms are 
known to enhance the absorption. Textured TCO scatter incident light and back reflector
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metals are used as back electrodes which will reflect the incident light. (Poortmans & 
Arkhipov, 2006, Deng & Schiff, 2003)
Figure 2.19: Schematic diagram o f the (a) superstrate and (b) substrate configuration o f a-Si:H
p-i-n device.
2.4. Highest efficiency a-Si:H single junction solar cell
Meier et al. reported the highest efficient a-Si:H p-i-n single cell with a stabilised efficiency 
of 9.47%. (2004b) The device was deposited using RF-PECVD with light trapping to enhance 
the efficiency. The intrinsic layer is ~250nm thick and has shown low light induced 
degradation (~15%) after light soaking. The low SWE observed is due to the use of 
minimum thickness required for the absorber layer and the enhanced light absorption 
textured with TCO. ZnO has been used as the TCO for device fabrication and highly textured 
TCO has been obtained using low pressure CVD. Reduced reflection of the TCO compared to 
commercially available material has been a factor in enhancing the efficiency of the device. 
Similarly, an anti-reflection coating has been applied to the device and has shown further 
8% improvement in device efficiency, showing the importance of the optical enhancement 
technique. In addition, patterning the cells are observed which further improves the path 
length of incoming radiation travel. Figure 2.20 shows the obtained l-V characteristics for 
the reported a-Si:H solar cell measured at NREL.
Deposition order
Incident illumination
(a)
Incident illumination 
(b)
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Figure 2 .20: Current-Voltage characteristics o f the reported high efficiency a -S i:H  solar ceii 
measured at N R E L . (M eier et al., 2004b)
2.4.1. Silicon based thin film materials for photovoltaics
Different types of thin film silicon material have been studied as alternatives for crystalline 
silicon. Apart from a-Si:H, these include nanocrystailine silicon (nc-Si:H), pc-Si:H and poly-Si. 
These materials are different from each other mainly due to the grain sizes. The electronic 
properties of the materials are observed to be better for the material with larger grains.
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Figure 2 .21: Spectral response o f pc-Si:H  p-i-n solar cell, a -S i:H  p-i-n solar cell and a crystalline 
silicon wafer based solar cell with their intrinsic layer thicknesses.
(Fischer et al., 1996)
nc-Si:H is a material consisting of small grains in nanometre range, where the band gap is 
comparatively higher than a-Si:H and depends on the grain size. pc-Si:H is a material that 
can be deposited using the same deposition techniques as a-Si:H with larger grain sizes. 
Increased hydrogen dilution is used in pc-Si:H deposition where the grain sizes are less than 
lpm  depending on deposition conditions. pc-Si:H has a lower indirect band gap of l.leV . 
Due to the low band gap, broader absorption is observed, although due to the indirect 
nature, thicker films are required for complete absorption as shown in Figure 2.21. In 
addition, lower SWE is observed for pc-Si:H devices. pc-Si:H has also been used as the 
window layer for a-Si:H p-i-n devices due to its lower absorption in thinner layers and the 
higher conductivity. 8-10% efficient single junction p-i-n solar cells have been produced 
using pc-Si:H. (Mai et al., 2005)
Grain sizes of poly-Si range from 1pm to 1mm where the grain size depends on various 
deposition conditions. The deposition of poly-Si is carried out mainly by using CVD & PECVD 
at high substrate temperatures. Several methods have been investigated to obtain large 
grains which include deposition from a nucleation phase and a seed layer approach where
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the crystal structure is followed upon deposition. However, crystallisation of a-Si:H has 
yielded higher quality poly-Si compared to direct deposition. Higher mobilities and larger 
grains are the main advantages of this method of obtaining poly-Si, where it has been used 
for thin film transistors. Better electronic properties have lead researches to investigate 
poly-Si for the use of solar cells. (Poortmans & Arkhipov, 2006)
2.5. Multi-junction device materials
Multi junction solar cells have been fabricated using a-Si:H and its variants as two or three 
layer devices. Different band gap materials in different layers absorb different parts of the 
spectrum in a multi junction device to enhance the carrier generation. Theoretically, it has 
been shown that a-Si:H multi-junction solar cells are more efficient than the single junction 
solar cells. This is mainly due to the expansion of absorption over the spectrum, and results 
in higher Vocs.
Figure 2.22 shows a quantum efficiency curve of a triple junction solar cell which shows 
different absorptions in different layers over the spectrum. Individual layer contributions in 
different parts of the spectrum towards the multi junction device concept can be observed. 
The current generated from each layer should be matched to gain the optimum efficiency 
of these devices.
The advantage of a-Si:H in multi junction solar cells is the flexibility it offers to readily alloy 
with other materials. This has shown great potential towards fabricating multi junction 
solar cells. Different materials have been used to fabricate different types of multi junction 
devices. The main materials are pc-Si:H and C, Ge as alloys.
As discussed earlier, a-SiC:H can be deposited by introducing CH4 while depositing a-Si:H. 
Introducing GeH4 gas during a-Si:H deposition will produce low band gap (1.3eV) a-SiGe:H, 
which is used as the intrinsic layer for the bottom cell. This extends the absorption 
spectrum to ~950nm, as shown in Figure 2.22. The band gap can be tailored depending 
upon the concentration of Ge during the deposition process.
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Figure 2.22: Quantum efficiency o f a multi-junction solar cell and its individual layers with 
respect to wavelength. (Guha &  Yang, 2003)
Device structure
Stabilised Efficiency (%)
p-i-n n-i-p
a-Si:H/a-Si:H 8.9 (Ichikawa et al., 1993) 10.1 (Ichikawa et al., 1993)
a-Si:H/a-SiGe:H 10.6 (Terakawa et al., 1995) 12.4 (Guha, Yang & 
Banerjee, 2000)
a-Si:H/a-SiGe:H/a-
SiGe:H
10.4 (Yang et al.,1994) 13.0 (Yang et al., 1997)
a-Si:H/a-Si:H/a-SiGe:H 12.1 (Yang, Banerjee & Guha 
1997)
a-Si:H/pc-Si:H 12.5 (Yamatomo et al., 2004)
Table 2 .1 : Sum m ary o f the multi junction device efficiencies obtained for p-i-n and n-i-p
configurations.
Table 2.1 shows the summary of the highest efficiencies reported for multi junction devices. 
It has been observed for the above devices that the SWE is lower compared to a single
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junction device due to the thinner layers used for each sub cell. High efficiencies have been 
obtained mainly due to the high open circuit voltage and the improved fill factors. The 
current densities are low because of the increase of defects primarily at the junction and 
increased path length leading to recombination. To improve the doped layer conduction 
and transmission, pc-Si:H has been used for devices. Yamamoto et al., 2004 fabricated the 
highest efficient multi junction soiar cell using pc-Si:H as the bottom cell and a-Si:H as the 
top cell. A 12.48% stabilised efficiency was reported for a large area device, where light 
scattering methods and an intermediate layer have been introduced to enhance the 
efficiency.
2.6. Crystallisation ofa-Si:H
The crystallisation process will re-order the materials structure using a heating process. 
Heating the material can be achieved in several ways. Larger grain sizes, smoother surfaces 
and higher mobilities are the main advantages of poly-Si achieved through crystallisation of 
a-Si:H over direct deposition methods. Silicon thin films can be crystallised using three main 
techniques based on the process temperature, which are zone melting crystallisation, solid 
phase crystallisation and laser crystallisation. (Bergmann, 1999)
2.6.1. Zone melting crystallisation
in zone melting crystallisation, a narrow part of the film is melted and made to move along 
the entire film. This can be obtained by laser beams, incoherent light sources, electron 
beams, radio frequency heaters etc. This method does not allow the use of cheap 
substrates like glass but high efficiency of 16% are reported for PVs fabricated using this 
method. (Morikawa et al., 1998)
2.6.2. Solid phase crystallisation
Films are thermally annealed at ~60(TC for long durations in the solid phase crystallisation 
method. This can be achieved by rapid thermal annealing (RTA) or furnace annealing. 
Lamps that work in IR are used to increase the temperature quickly in RTA and the process 
is capable of being used on substrates like glass. In RTA, the material is heated quickly and 
cooled quickly as well.
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2.6.3. Laser crystallisation
The third method is laser crystallisation. Several types of lasers can be used for 
crystallisation. These are mainly categorised as gas (e.g. Ar+), solid state (Nd:YAG) and 
semiconductor (InGaAs) lasers. The advantage of laser crystallisation is the ability to limit 
rapid heating and cooling of thin surface layers with minimal thermal damage to the 
supporting glass substrate. This can be controlled mainly by the pulse duration of the laser 
and the absorption depth of the material. Table 2.2 summarises the available lasers for the 
crystallisation process.
Laser Type
Typical wavelength 
(nm)
Nature of wave 
form
Argon ion Gas/Ion laser 514 Continuous
Nd:YV04
(Neodymium doped 
yttrium orthovanadate)
Doped insulator 
laser
532 Pulsed/Continuous
Excimer
Gas/Molecular
laser
193/222/248/308/
350
Pulsed
Nd:YAG
(Neodymium doped 
yttrium aluminium garnet)
Doped insulator 
laser
532/1064 Pulsed/Continuous
Copper vapour
Gas / Atomic 
laser
578/510 Pulsed
Table 2.2 : Sum m ary o f different types o f laser used for crystallisation. (Hecht, 1992)
The high absorption coefficient of UV by a-Si:H is the main reason to use ELs as the 
crystallisation process. The laser power is completely absorbed within a few nanometres 
into the material due to the high absorption coefficient of a-Si:H. This property allows the 
deposition of a-Si:H onto cheap substrates and crystallise. Employing EL to crystallise a-Si:H 
provide an additional advantage as ELs operate in the UV range. This is due to the high 
absorption of a-Si:H in the UV range.
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2.6.4. Excimer laser technology
In 1970, the first evidence of EL was reported by N.G. Basov et al. where they used a high 
current electron beam to excite Xe at 172nm. Later, by 1975 the all important UV 
wavelengths had been demonstrated to excite complexes (excimer lasers). The term 
excimer originated as a contraction of "excited dimer", a description of a molecule 
consisting of two atoms in an excited state. In a diatomic molecule, if the component atoms 
are bound in an excited state, rather than ground state, it makes a good laser material. 
These excited complexes are formed between rare gases (Ar, Kr, Xe) and halides (F or Ci). 
Figure 2.23 shows the different ELs available with respect to its wavelength and the 
corresponding energy. (Basting & Marovsky, 2005, Hecht, 1992)
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Figure 2.23: Wavelength and the corresponding energy of different ELs.
(Basting & Marowsky, 2005)
The generation of EL takes place because of the rare gas and halide reaching ground state 
from the excited state in the presence of a buffer gas (He, Ne). This process completes in a 
nanosecond time scale. In general, the pulse widths of the ELs are typically 20-50ns. In 
addition, high power is required to excite these gas molecules because of the energy losses 
occurring due to collisions and spontaneous decays. The nanosecond time scale and the 
required high energy limit this process to a pulsed system.
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ELs have been used mostly for a-Si:H crystallisation because of several advantages. Main 
advantage is the wavelength that the ELs operate, which couples well with a-Si:H. The high 
absorption coefficient of a-Si:H in the UV and small pulse durations of the laser result in 
most of the energy being absorbed by a-Si:H within a few nanometres from the surface 
minimising the thermal damage to the substrate compared to longer wavelength lasers. EL 
crystallisation has been explored for poly-Si TFT for displays. This is primarily due to the 
large grains created leading to higher mobilities. (Street, 2000) This has lead researchers to 
investigate poly-Si created using EL for PV applications.
2.6.5. Excimer laser crystallisation of a-Si:H
Laser fluence F (mJ/cm *)
□ Maximum temperature a  Grain sizes Melt depth
Figure 2.24: Dependence of maximum temperature, melt depth and average grain size on laser
fluence. (Hatano et al., 2000b)
Laser crystallisation of a-Si:H depends on layer thickness, thermal conductivity of the 
material, laser energy density, laser wavelength and the number of pulses per unit area 
along with pulse duration. Figure 2.24 shows an analysis of the grain size and temperature 
with the increased EL energy density on an a-Si:H sample. Scanning electron microscopy 
images of the surface of the crystallised a-Si:H show different grain sizes created on 50nm 
thick a-Si:H on fused quarts substrates which were crystallised from KrF EL with different 
laser energy densities. In Figure 2.24 Ft which is the threshold energy density (155mJcm 2) is 
where surface melting is observed and the material is completely melted after 262mJcm‘2
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which is shown as Fc for complete melting. This shows that the amount of crystallisation 
depends mainly on the laser energy density. However, it can be seen that the grain sizes 
does not increase with increasing energy density. The grain size increases up to Fc energy 
and thereafter reduces. These different phase transformation regimes of crystallisation has 
been named as partial melting (<Fa), Super Lateral Growth (SLG, Fa-Fc) and complete melting 
(>FC). (Hatano et al., 2000a & b)
2.6.5.1. Partial Melting Regime
In this regime, the EL energy is sufficient to induce melting from the surface of a-Si:H 
leaving an un-melted layer underneath. It was identified to form two different crystallised 
layers in this regime. The top layer crystallised forming large grain poiy-Si due to the 
melting re-growth process and latter is crystallised to fine grained poly-Si by solid phase. 
The fine grain is formed due to the explosive crystallisation phenomena. In this 
phenomena, latent heat is released to the underlying layer of a-Si:H during large grain poly- 
Si formation. This supercooled melted a-Si:H layer, is resolidified as fine grained silicon. This 
layer is identified as a supercooled melt, due to the melting temperature of the layer being 
below the melting temperature of crystalline silicon. The grain size of the poly-Si created in 
the partial melting regime increased in size with an increasing laser energy density until it 
reached SLG regime, as shown in Figure 2.24. (Thompson et al., 1984, Murakami et al., 
1987, Im & Kim, 1993)
2.6.5.2. Complete Melting Regime
The complete melting regime occurs due to the use of higher energy densities where the 
complete layer is melted. The grain size is almost independent with respect to the EL 
energy density, mainly creating smaller grains. This is triggered by an increased 
spontaneous nucleation rate, leading to fine grained crystalline structures.
2.6.5.3. Super Lateral Growth
Between the above mentioned two regimes, a small laser energy window was observed by 
Im et al., (1996) where large grains of (up to few pm) poly-Si can be obtained. It has been 
explained that the large grains were created from the unmelted solid seeds at the interface 
of the a-Si:H and the substrate. It can be seen from the literature that the phenomena has 
been explained with various variables taken into account. These include thickness of the 
layer, laser energy and the number of seeds created. This leads to products of various sizes 
of grains without control. However, Im & Kim (1993) has elucidated an artificially 
controlled super lateral growth, also known as sequential lateral solidification, which can
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produce large grains with grain boundary controlled single crystal silicon regions. This was 
obtained by repositioning the sample in-between incident pulses.
2.6.6. Excimer laser crystallised solar cells
In early days, EL was used to crystallise the lattice damages caused by ion implantation of 
silicon wafers. Crystalline structure was observed for ELC silicon due to the underlying 
crystalline layer which acts as a seed layer. These crystalline silicon solar cells resulted in 
~13.5% device efficiencies. (Lowndes et al., 1982) Lately, EL crystallisation of a-Si:H has 
been used vastly to obtain larger grain poly-silicon for TFT and PVs. (Nayak et al., 2005, 
Azuman et al., 2002, Eisele et al., 2003, Andra et al., 1998) EL is used in PVs mainly to gain a 
seed layer from crystallising thin a-Si:H for epitaxial growth because of the difficulty in 
crystallising thicker layers. However, crystallised thick films were obtained by Azuma et al., 
and Andra et al., for solar cell applications. (Azuma et al., 2002, Andra et al., 1998)
Nevertheless, several attempts were observed in literature where solar cells have been 
fabricated using ELC silicon. (Andra et al., 2006, Adikaari, Mudugamuwa & Silva, 2008, 
Adikaari, 2005) Andra et al., used layered laser crystallisation method to fabricate their 
multicrystalline silicon solar cells. In their method, the crystallisation was performed with 
every lOnm of deposited a-Si:H to completely crystallise the photo-active material. A 4.8% 
efficient device was fabricated using a 5pm thick layer where they observed reduced 
efficiencies for thinner layers and obtained the device without a vacuum break during the 
process. (Andra et al., 2006)
Adikaari et al., analysed EL crystallisation of a-Si;H and fabricated solar cells. Band gap 
enhancement of ELC silicon was analysed where reduction of the band gap was observed at 
higher energies. Furthermore, Schottky barrier and p-i-n structure solar cells were 
fabricated where low efficiencies were recorded. (Adikaari, Mudugamuwa & Silva, 2008, 
Adikaari, 2005)
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Chapter 3
3. Experimental procedures
3.1. Excimer laser processing
The EL generated from a Lambda Physik LPX210i system was used in this project for 
crystallisation. This laser device generates EL from excited KrF complex at 248nm with a 
maximum pulse repetition rate of 200Hz. The maximum pulse energy achievable is 700mJ 
measured at 5Hz and the pulse duration is 25ns according to the manufacturer. (Lambda 
Physik, 2000) The Lambda Physik LPX210i laser device consists of four main components, 
the laser head, vacuum pump, high voltage power supply and hand-held keypad.
Figure 3.1 shows the schematic of laser head where the right hand side shows the cross 
section of the laser tube. Pre-ionization pins, (A) will create a high density of free charged 
molecules and (B) the high voltage electrodes will transfer the energy to the excimer gas 
mixture (Kr,F) and to the buffer gas (He), which is the laser gas in the reservoir (C). The 
circulation fan (D) will help to circulate the molecules which will be purified at the 
electrostatic filter. The efficiency of the laser is in the order of 2% and rest of the energy is 
dissipated as heat. The heat exchangers (F) are used to keep the unit's temperature under 
control.
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The power supply unit is used to apply the high voltage (17-24kV) and the vacuum pump is 
used to purge the gas during refilling. The output power of the EL is controlled by the 
discharge voltage used and is set by the hand-held controller.
Figure 3.1: (a) Schematic of the Lambda Physik LPX2KH laser head and (b) the cross section of 
the laser tube. A-Preionization pins B- Electrodes, C-gas reservoir, D- Circulation fan, E- 
Flectrostatic filter, F- Heat exchangers.
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Figure 3.2: An example of the Excitech 256 C laser beam profile system.
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Figure 3.3: Comparison of the Gaussian laser pulse and the asymmetric laser pulse at the same 
laser energy density. (Adikaari, Mudugamuwa & Silva, 2007)
Figure 3.4: Schematic diagram of the EL crystallisation set-up.
The pulse produced by the laser head is homogenised to a semi-Gaussian profile by a 
Microlas beam homogenizer. A Molectron EPM1000 analyser along with the Molectron 
J25LP-MUV pyroelectric joulemeter is used to measure the split beam energy of the laser 
pulse. The pulse is monitored using an Exitech Profile 256 C system. Figure 3.2 shows an 
example of the laser beam profile obtained from the Excitech 256 C system. The 3D image 
generated shows the energy distribution of the beam shape. The energy distribution is 
normalised and colour coded accordingly.
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Asymmetric beam profiles have been used in this project and can be compared to a 
Gaussian beam profile as used to obtained higher crystalline material and higher surface 
roughnesses with low energy compared to the Gaussian profile. (Adikaari, Mudugamuwa & 
Silva, 2007) Figure 3.3 shows the energy profiles of the laser pulse obtained from the 
Excitech 256 C system.
A stainless steel chamber is used to hold the samples, which is fixed to a micron precise 
translation stage, Aerotech HDR500, which is controlled by HDR500 control software. 
Figure 3.4 shows the schematic set up of the EL crystallisation apparatus used for this 
project. A set of attenuators are also used as the secondary energy controller as shown in 
the Figure 3.4. Mirrors with reflection coatings are used to guide the laser to the sample 
chamber.
3.2. Pulsed laser deposition facility
Pulsed Laser Deposition (PLD) was used to deposit heavily doped a-Si:H layers for device 
fabrication. Figure 3.5 shows the schematic diagram of the PLD system. The laser travels 
through the lens and hits the target inside the vacuum chamber. If the laser energy density 
is high enough, the target will be ablated, forming a plume. The plume is normal to the 
target surface and deposits on the substrate held in front of the target. The target can be 
rotated from the target holder, controlled by a PC. Rotation enables uniform consumption 
of the target, as opposed to local consumption. Four samples can be mounted onto the 
sample holder, giving the flexibility of depositing different thicknesses on four samples. A 
turbo pump is used to pump the system down to a lx lO '4Pa base pressure. The ablation 
medium can be vacuum, H2, N2 or Ar.
The system was used to deposit the n+-layer for a-Si:H for solar ceils. An arsenic-doped 
silicon wafer was used as the target. A lOJcm"2 laser was focused to the target adjusting the 
focusing lens for ablation. Calibrated deposition rate of 0.016nm/shot was used to obtain 
the number of laser shots required to deposit different thicknesses of layers. The laser 
energy density was set to lOJcm'2 with 10Hz pulse repetition rate. The ablation times 
required were calculated from the above data.
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Figure 3.5: Pulsed laser deposition set-up.
3.3. Metal evaporation
Evaporation is used to fabricate the back contact of the solar cells. The source material is 
heated to the point it boils and evaporates. A vacuum is required to allow movement of 
evaporated atoms freely inside the chamber, so that it will condense on the surface. 
Techniques for evaporating materials are, e-beam and resistive evaporations. With e-beam, 
an electron beam is focused on to the source material causing local heating and 
evaporation, in the resistive method, which is used in this project, the source metal is 
placed in a high melting point metal boat and heated by applying a high current until the 
metal is evaporated. Figure 3.6 shows the set-up used for metal evaporation as a back 
contact to solar cells. The sample is kept in the sample holder with the Cu mask near the 
thickness monitor as shown in Figure 3.6. The vacuum is obtained using an oil diffusion 
pump. The deposition pressure is typically ~ 2xiO'4Pa.
A sigma SQM 242 PCI thickness monitor is used to measure the deposited Al thickness. The 
thickness monitor operates by measuring the change in the oscillating frequency of the 
quartz crystal. As this frequency is a function of the mass of the material deposited, the 
thickness can be calculated with the availability of material density and the acoustic 
impedance, supplied by the monitor manufacturer.
52
j L .
B e l l  j a r
Sample
holder
Shutter
Power source 
Tungstun boat
Butterfly valve
Diffusion pump
Thickness sensor
+ TJ Thickness monitor
Roughing 
valve
H B I  j n M M M M K
Figure 3.6: Schematic diagram of multi-crucible thermal evaporator.
3.4. Device characterisation process
The PV current-voltage characteristics were measured according to IEC 60904-1 standard. 
(2006) An Oriel 81160 class B solar simulator according to IEC 60904-9 (1995) classification 
is used for AM 1.5G simulation with a non-uniformity of irradiance at <5%. A xenon arc 
lamp is used in the solar simulator to obtain a near AM 1.5G spectrum. Figure 3.7 shows the 
cross sectional set up of the Oriel solar simulator obtained from Oriel Corporation. The 
simulator intensity was calibrated to AM 1.5G (lOOOWm'2) using Newport crystalline silicon 
pre-calibrated reference solar cell. Figure 3.8 shows the experiment setup with the external 
circuit. A Keithley 2400 source meter was used for electrical measurements, where the 
devices were swept over a voltage range whilst illuminating with AM 1.5G, where the 
extracted current is measured. The Keithley 2400 has a lOpA and lpV  resolution, and the 
data was collected using custom written Labview software.
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Figure 3.7: Cross sectional schematic of the Oriel solar simulator. (Oriel Corporation, 1993)
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Figure 3.8: PV output characteristics measurement setup.
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3.5. Incident photon conversion efficiency measurement
Incident photon conversion efficiency (IPCE) is the percentage of the electron-hole pairs 
generated with respect to the incident photons by the photo-active device. The IPCE of the 
device was measured over the 300-1100nm wavelength spectrum in 5nm intervals.
Figure 3.9 shows the setup of the IPCE measurement, where a Bentham 505 light source, 
Bentham TMc300 monochromator, Keithley 487 Picoammeter and Newport 1830 optical 
power meter was used. The data was collected using custom made Labview software. The 
incoming light source was diffracted using the grating in a monochromator. Optical filters 
were applied to cut off the second order radiation and a collimator is used to guide the 
radiation on to the device. The current upon illumination at each wavelength on to the 
device was obtained from the picoammeter and the power meter was used to measure the 
radiation energy (Newport 818-UV) to calculate the incident power. The IPCE is given by the 
following equation. A reference silicon diode was measured for rensponsivity for 
calibration.
Electrons/second 
IPCE =  — ------------   x  100 %
Photons /second
Computer
Monochromator Collimation
f - B k K
Light
Source
L J
Power meter/ 
Picoammeter
Filter
Detector / 
Device
Figure 3.9: The IPCE measurement setup.
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3.6. Ultraviolet, visible and near-infrared absorption spectroscopy
Monochromator
Figure 3.10: Schematic diagram of the UV-Vis-IR spectrometer.
A Varian Cary 5000 UV-Vis-IR (175-3300nm) spectrometer was used to measure the optical 
transmission of the materials in this project. A mercury source provides the UV radiation, 
and a tungsten light source provides the visible and IR radiation. The monochromator 
consist of collimating mirrors and a grating to produce each wavelength and the radiation is 
guided via mirrors. A reference substrate sample can be used to measure the transmission 
of the actual material and the transmitted radiation through the sample together with the 
reference. The data is captured from the software provided by the manufacturer, where 
the output data can be obtained mainly as either transmission or absorbance according to 
the Beer-Lambert law, given below. The absorption coefficient is given by a, and the 
thickness of the material is represented by b.
Transmission,T — — = e ab
P o
Absorbance, A = In 1/7 =  ab
Figure 3.11: Optical transmission through a film, showing the intensity of incident radiation (P0) 
and the intensity of the transmitted radiation (p). b, represent the material thickness.
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3.7. Raman spectroscopy
Raman spectroscopy is used in this study as a method to characterise the ELC silicon 
compared to a-Si:H. The Raman effect is the inelastic scattering of photon by material 
structures. Inelastically scattered photon frequency is modified due to the corresponding 
vibrational frequency of the molecules. If the photon frequency is increased due to the 
inelastic scattering, the shift is called the Raman anti Stokes and if the photon frequency is 
decreased, it is called the Raman Stokes. If the elastically scattered photons from the 
incident photon consist of a similar photon frequency, it is identified as Rayleigh scattering.
The ELC silicon analysed using Raman spectroscopy contains mixed phases of silicon, which 
includes different sized crystalline grains. However, the Raman spectrum is expected to 
contain the information regarding the ELC silicon samples due to the thin layers analysed. 
(Adikaari, 2005)
Figure 3.12: Schematic diagram of the Raman spectroscopy measurement setup.
Figure 3.12 shows the schematic of the Renishaw 2000 Raman microscope. The Raman 
measurements were obtained using the 782nm diode laser for samples used in this project.
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3.8. Atomic force microscopy
Feedback loop maintains constant NanoScope Ilia
Figure 3.13: Schematic representation of the AFM.
Atomic Force Microscopy (AFM) is a form of scanning probe microscopy for imaging and 
measuring surfaces down to the nanometre scale. A Digital Instruments Dimension 3100 
scanning probe microscope is used to analyse the surface roughness of the ELC silicon. AFM 
can be performed in several ways depending on how the cantilever is controlled. The 
cantilever consists of a small atomisticaly sharp tip. Tapping mode, contact mode and non- 
contact mode are the main modes of operation. Tapping mode was used for investigating 
the samples in this project. In this mode, the tip is attached to the oscillating cantilever. The 
tip taps the surface lightly in the scanning process and the feedback loop maintains the 
oscillation amplitude, where the oscillation is detected by the split photodiode detector. 
The images are generated through the feedback loop between the optical detection system 
and the piezoelectric scanner. Figure 3.13 shows the diagram of the set-up for the AFM.
3.9. Transmission electron microscopy
Transmission Electron Microscopy (TEM) is a high resolution imaging technique where an 
electron beam is accelerated to a thin sample. The electrons penetrate through the sample 
and capture the microscopic material details. Resolution of the TEM can be down to 0.2nm.
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A Philips CM-200 TEM is used in this project to analyse the cross section of the device 
structure of the ELC silicon. Capturing the diffracted electron beams from the sample also 
provides information on the crystalline nature of the sample. The crystal orientation of the 
material acts as a diffraction grating and diffracts the electrons in a predictable manner.
3.10. Inductively coupled plasma reactive ion etcher
The inductively coupled plasma (ICP) reactive ion etcher was used to etch the Si02 on 
silicon wafers. This process is used in this project to etch a-Si:H to reduce the intrinsic layer 
thickness for p-i-n solar cell fabrication, with different i-layer thicknesses using a pre­
calibrated recipe.
Figure 3.14: Schematic representation of the ICP reactive ion etcher.
The inductively coupled plasma is generated by a 13.56MHz RF system with CF4 gas. The 
power of the plasma is selected accordingly to accelerate the reactive ions. Figure 3.14 
shows the schematic representation of the STS Multiplex ICP etcher, obtained from the 
manufacturer.
3.11. Rutherford backscattering spectrometry
Rutherford Backscattering Spectrometry (RBS) was used to profile the pulsed laser 
deposited n-layer in order to study the dopant distribution for p-i-n solar cell fabrication. 
This profiling technique uses a 1.5MeV Helium ion beam to hit the target at an angle of 0, 
which will collide with the atoms near the surface region and the backscattered number of 
ions and energy in the beam is measured.
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Figure 3.15: An illustration of the principle of RBS measurement.
As illustrated in Figure 3.15, the energy of the backscattered ions depend on the distance 
from the surface as well as the mass of the atoms in the target. Different atoms are 
identified by changing the angle (6) of the incident beam. The higher the mass of the target 
atom, the lower is the energy of the backscattered atom. Therefore, by fixing the angle of 
the detector and measuring the energy distribution and the number of counts within an 
increment of energy, we can determine the concentration and mass number of the target 
atoms. Also, as the ion beam enters the target, it loses energy and after backscattering 
from a target atom it loses a small amount of energy on the way out of the material. 
Therefore, if a distribution lies inside the material, then the energy signal of the distribution 
will occur at a lower energy. IBA DataFurnace software is used to obtain the elemental 
depth profiles at Surrey Ion Beam Centre. (Mironov et al., 1997)
3.12. Deep level transient spectroscopy
Deep level transient spectroscopy (DLTS) was used to analyse the trap formation in the ELC 
silicon in this project. This technique is pioneered by Lang. (1974) Activation energies, 
thermal emission rates, trap concentration profiles and capture rates can be attained using 
this method. The transient of the capacitance is measured as a function of the temperature 
in the device using Bio-Rad DL 4600 DLTS.
A voltage pulse is applied while the device is in bias conditions and the transient 
capacitance is measured. This process is performed for different temperatures using a 
variable temperature cryostat. The measurement of the capacitance at two given points is 
called rate window. A peak is observed when rate window is equal to capacitance transient.
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If the peak is positive, the transient is positive and it indicates hole emission to the valance 
band. A negative peak signal indicates emission of electron to the conduction band. The 
magnitude of the signal relates to the trap concentration at each level. The activation 
energy of the traps is obtained from the data of the scans using TrapView software which 
controls the DLTS setup. Activation energy is extracted from Arrhenius plots using this 
software.
The transient capacitance is a function of the emission rate of each trap. Temperature 
sensitive emission rates are expressed in equation (3.1) and (3.2) for electron and holes 
respectively. The a represents the capture cross section, <v> is the average thermal velocity 
of the carriers and N is the effective density of states in the band where AE is equal to Ec-Et 
for electrons and Ev-Et for holes. Etisthe trap energy.
— A E
en =  & n < V n >  N C exp—  (3.1)
— A E
ep =  crn < v n >  N v exp—  (3.2)
The activation energy can be obtained from plotting log e vs. 1/T. Furthermore, the type of 
the trap can be identified from the sign of the capacitance transient. If the transient signal 
is positive, it represents a hole trap and a negative signal will represent an electron trap. In 
the case of a hole trap, at the point when the hole is released, the capacitance will be 
reduced compared to the initial capacitance, showing a positive transient. Conversely, the 
release of an electron from an electron trap results in an increase of the capacitance 
relative to the initial value showing a negative transient. The left side in Figure 3.16 shows 
the capacitance transient at various temperatures whilst the DLTS signal is shown on the 
right. A function S is defined for this DLTS signal, given in equation (3.3), where C represents 
the capacitance change due to the pulse at t=0.
S = c(tl)~c(t2) . (3.3)
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Figure 3.16: The left hand side shows the capacitance transient at various temperatures, while 
right hand side shows the corresponding DLTS signal. This shows the difference between the 
capacitance at tj and t2 as a function of temperature.
It is assumed that the capacitance transients are exponential and,
C =  A C (0 )e T  (3.4)
Where i  represent time constant and t  = l/en assuming en» e p. From equation (3.3) and 
(3.4),
5 =  e(~ r) -  e (~r)] (3.5)
At maximum transient capacitance point, dS/di =0, xmax can be evaluated. Taking into 
account that <V> is proportional to T1/2 and N to T3/2, we can rewrite the equation (3.1) as 
below. (Jenkins, 1995)
i «  T2 exp ( ^ )  (3.6)
In this project, the activation energy will be extracted plotting In (e/T2) respect to (1/T) as 
given in equation (3.6) and obtaining the gradient of the graph. Trapview software, which is 
attached to the DLTS unit via computer, will plot the activation energy graph for each trap.
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3.13. Differential Hall profiling and sample preparation
Differential Hall profiling was used in this project to obtain in-depth carrier profiles of a-Si:H 
p-i-n structures by repeatedly removing a thin layer of a-Si:H while continuously measuring 
carrier statistics. The carrier concentration is calculated using the equations associated with 
the Hall effect. When a current (I) flows across the conducting sample of thickness of W, 
and when an applied magnetic field (Bz) is placed perpendicular to the sample, a voltage 
drop, VH will appear across the sample orthogonal to both the current flow and magnetic 
field. This effect is identified as the Hall effect. (Sze & Ng, 2007)
Figure 3.17: Basic set up to measure the carrier concentration using the Hall effect.
According to Figure 3.17, a hole moving in the x-direction, in this scenario will be directed 
upwards due to the Lorentz force generated. The upward directed current will create an 
accumulation of holes at the top of the sample creating a Hall voltage (VH). The sign of the 
Hall voltage depends on the type of carrier, which is the majority carrier for the 
semiconductor.
The Hall coefficient (Hc) will be calculated using the following equation,
Hc =  —  (3.7)c IB  V /
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Where r is the Hall scattering factor and using equation (3.8) Ns, the sheet carrier 
concentration can be calculated.
Ideally, the contacts have to be very small, however, due to practical considerations, a 
structure called the "clover-leaf" structure is utilised for the measurements as shown in 
Figure 3.18. The clover-leaf pattern provides reasonable contact area, while minimising the 
error associated with the same.
Figure 3.18: Clover-leaf pattern used for Van der Pauw measurements.
The Clover-leaf patterns were created onto a-Si:H samples using photolithography and two 
etching steps to remove unwanted a-Si:H and ITO. A positive photoresist (S1828) was spun 
on to the sample and soft baked at HO C on a hot plate for a minute. Soft baked samples 
were transferred to the mask aligner (Quintel 7000) and aligned with a chromium mask and 
exposed to UV radiation for 10 seconds. Exposed samples were developed using MF319 
developer. Samples were hard baked for 3 minutes at 110 C to increase the stability of the 
clover-leaf pattern. Figure 3.19 shows the prepared samples with the clover-leaf pattern. 
The masked samples were etched to remove a-Si:H. Samples were etched using the STS ICP 
etcher as explained in section 3.10. Figure 3.19(b) shows the etched sample.
It is important to remove the ITO layer as it can influence the results. A chemical etch was 
performed to remove the ITO layer. Zn powder pasted samples were dipped in 19% HCI 
acid for 15 seconds for the selected removal of the ITO. Samples were sonicated in acetone 
for 5 minutes to remove the photo resists and cleaned. Al was evaporated using a shadow 
mask as discussed in section 3.3. Figure 3.19(c) shows a contact deposited sample.
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Figure 3.19: Shows sample at three different stages of the preparation, (a) after 
photolithography (b) after a-Si:H and (c) Al contact deposited sample after removing ITO.
After fabricating the clover-leaf patterns, it was necessary to mount them on a specific 
holder for Hall profiling, exposing only the central part of the clover-leaf pattern. Figure 
3.20 shows the specific sample holder with a sample. Insulating silicon rubber was applied 
to cover the edge of the clover-leaf patterns to avoid possible current leakage via the ITO 
from the edge. Contacts were made to copper electrodes using silver paint before 
mounting into the HL5900 Hall profiler. Insulating silicon rubber was also used to conceal 
the contacts and the rest of the sample leaving the centre area exposed.
Figure 3.20: Mounted a-Si:H clover-leaf pattern sample on the holder.
a Sample holder
h b. Strip/etch pot
c. Overflow
d. Wash pot (start position)
e. Anodize pot
£ f. Lamp
k » f ■ y j s ■ g. Dr/ pot
h. Main Carousel rod
1 f
d e
Figure 3.21: Inside of the HL5900 Hall profiler. (HL5900 manual)
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The Hail profiles were obtained for the samples on the strip using HL5900 Hail profiler as |
shown in Figure 3.21. Samples were etched by dipping the samples into the etch pot which
has buffered HF. The etched samples were cleaned by dipping the samples in the wash pod
and dried using nitrogen gas at dry pot. An anodisation step was used to create an oxide
layer after etching the samples to minimise the surface state effects. After setting the times
for each process discussed, Hall voltages were measured under dark conditions with the
magnetic field. Dark condition were used due to the photo sensitivity of a-Si:H. The
software associated with HL5900 collected the data and calculated the surface
concentration for each cycle. After profiling, the depth of the etched sample was measured
from a profilometer and the surface concentration at the various depths was calculated.
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Chapter 4
4. Characterisation of the metal back contacts and n-layer of a- 
Si:H p-i-n PVs
4.1. Introduction
This chapter investigates charge extraction mechanisms of p-i-n a-Si:H solar cells 
highlighting its dependence on the interface at the back contact, p-i-n solar cells were 
fabricated starting with glass/indium tin oxide (ITO, 500nm), chemical vapour deposited 
p+a-SiC:H (12nm) and a-Si:H(~400nm) structures obtained from a commercial producer.
Attempts were made to deposit n+-layer using three techniques to complete the device. 
Laser ablation of an As doped silicon wafer, ion implantation of phosphorus, and 
evaporation of phosphorus onto the structure and subsequent annealing, were the three 
techniques used. The first technique which was pulsed laser deposition of the n+-layer from 
an As-doped silicon wafer was unsuccessful. This is because the micron size droplets 
observed for pulsed laser deposited samples and obtaining a smooth surface from this was 
not possible. This is discussed in sections 4.3 & 4.4. Devices were made using the other two 
techniques where for the ion implantation technique, a low energy laser annealing step was 
utilised to activate the implanted atoms. In order to understand the charge extraction from 
PV devices, several types of metal contacts were evaporated onto the p/i structure and the 
devices were characterised.
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The next section presents the devices with the ion implanted n+-layer and their 
characteristics. In order to investigate the importance of the n+-layer based on the 
phosphorus diffusion process, a thorough analysis was performed utilising five different i- 
layer thicknesses in section 4.7. This is to complement the ion implantation and subsequent 
annealing section shown in 4.5. Attempts were also made to investigate the trap states of 
the intrinsic layer of a-Si:H devices using DLTS. The DLTS analysis is presented as the last 
section of this chapter.
4.2. Different metals as the back contacts of ceils
Efficient extraction of the photo-generated charges from the active region is required for 
maximising the photo-current and photo-voltage in a solar cell. The typical front and back 
electrodes of an a-Si:H solar cell consists of either metals or a degenerate high band gap 
oxide (ITO) and a metai combination. Since the typical anode or the electron extracting 
electrode is a metal, it is crucial to understand its importance in conventional solar cell 
structures. It is important to select appropriate metals as contacts in the device according 
to requirements. As discussed previously, an internal electric field is required to extract the 
generated charges in the photo-active material. In a-Si:H devices, the p-i-n structure is used 
due to the high defect density in doped a-Si:H layers. The built-in electric field is generated 
in the depletion region by the thin doped p and n layers in p-i-n structures. The doping 
increases the carrier density in the intrinsic layer and the relative Fermi level will change. 
The Fermi level will increase for n-doped layers and decrease for p-doped layers. The 
conductivity of the doped materials will increase with increasing doping density. For 
optimum charge extraction from doped layers to metal, it requires an ohmic contact. To 
gain an ohmic contact, the Fermi level of the doped layer and the work function of the 
metal must be considered as well as the overall device operation.
The device behaviour will be analysed using high work function gold (Au>5.00eV) and low 
work function aluminium (Al) ~4.28eV metals as back contacts, whilst ITO is the front 
contact for solar cell fabrication. The interface of the back contact metai and the a-Si:H will 
be analysed. In the a-Si:H p-i-n devices discussed in this section, the intrinsic layer acts as 
the main photo harvester since the doped a-Si:H layers demonstrate a higher defect density 
resulting in a greater recombination of the photo-active states. The built-in electric field is 
generated in the i-layer resulting from the thin, doped, p and n layers forming a p-i-n 
structure. Consequently, the conductivities of the doped layers increase with increased
68
doping density. This increase in the conductivity is beneficial for efficient extraction of the 
charges. However, to extract these charges from the doped semiconductor layers 
efficiently, an ohmic contact is needed. Therefore, the electron extracting interface 
between the semiconductor and the metal was inferred using a high work function metal 
(Au) and a relatively low work function Al electrode. The idea was to find potential barrier 
for electron extraction from the a-Si:H layer to the back electrode. Therefore, only p-i 
structures were used omitting the n-layer. The hole extraction of these device was carried 
out using an ITO electrode.
Al and Au back contacts were deposited on solvent cleaned p/i structures by thermal 
evaporation. Samples were etched to remove the native oxide by immersing in a buffered 
HF bath for 25 seconds before transferring to the evaporation chamber to deposit 60nm of 
Al or Au. Active areas of the device were illuminated with AM 1.5G simulated light and the 
current density (J)-voltage (V) characteristics were measured using an experimental setup 
discussed in an earlier chapter. Figure 4.1 shows the obtained J-V curves for each device. 
The device having the Al back contact shows comparatively enhanced J-V curve including a 
Rshunt- However, it can be seen qualitatively that the Rseries of the Au evaporated device is 
smaller compared to the Al contact device. This observation is confirmed by obtaining the 
inverse of the gradient of J-V curves at the forward bias for series resistance and at reverse 
bias for shunt resistance, given in Table 4.1.
Table 4.2 shows the summary of the device parameters for Al and Au back contact devices. 
From this, it can be seen that the Al back contact device has a superior device performance 
with an efficiency of 2.20% compared to the Au back contact device which demonstrates a 
smaller efficiency of 0.85%.
The low Rseries in the Au back contact device seen above may be due to a few reasons which 
can be explained as follows. Au has a high melting point (~1337K) compared to Al (~933K). 
When achieving this high melting point, during the evaporation of Au, the surface 
temperature of a-Si:H p/i substrates can also increase. It can be postulated that 
temperature related interfacial effects can therefore influence the Au and a-Si:H interface 
differently to the low temperature evaporated Ai and a-Si:H.
This was further confirmed from the higher short circuit current density (Jsc) compared to 
the Al evaporated device. The low Rshunt observed in the Au back contact device is 
speculated to be due to the diffusion of Au into the a-Si:H.
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The higher Rshunt and the lower Rseries improve the fill factor of the Al back contact device and 
together with its comparatively higher Voc give higher power conversion efficiency as seen 
above.
Figure 4.1: J-V plot of a-Si:H p/i solar cells with Al and Au as back contacts.
Back contact metal Series resistance (fl) Shunt resistance (fl)
Al 280 24.2 k
Au 129 570
Table 4.1: Calculated series and shunt resistance for Al and Au evaporated a-Si:H solar cells.
Back contact 
metal
Voc (V) Jsc (mAcm-2) FF (%) Efficiency
(%)
Area
(mm2)
Al 0.60 7.44 49.0 2.20 9.98
Au 0.26 8.76 37.4 0.85 11.80
Table 4.2: Measured and calculated PV parameters of the a-Si:H solar cells fabricated using Al
and Au back contacts respectively.
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The difference in open circuit voltage (Voc) of the devices can be due to many factors, in 
general, the Voc depends on the p/i interface, the doping densities, i/n interface and also on 
the work function of the contact metal. (Kim, Schwartz & Gray, 1993) However, devices 
fabricated do not contain an n-doped layer which simplifies this analysis. Therefore, a 
Schottky barrier is formed between the i-layer and the back contact. This results in a 
comparatively low band bending between slightly n-type a-Si:H, due to oxygen 
incorporation during deposition, and metal back contact. Chemical reactions, lateral non 
uniformity, surface states and dielectric surface layers can affect the barrier height of this 
Schottky barrier. (Street, 1991) Figure 4.2 shows the band diagram of the device structure 
at equilibrium and this figure can be used to elucidate the phenomena of having two metals 
with different work functions. A significant charge extraction is observed for the Au back 
contact device from Figure 4.1. Analysing band energies, It is evident that low work 
function metals are preferred as back contact metals to create enhanced ohmic contact 
between a-Si:H/metal interface for a-Si:H solar cell fabrication.
The fabricated p/i based a-Si:H solar cell with an Al back contact showed significantly lower 
output performance compared to the highest reported a-Si:H single solar cells reported in 
literature. With respect to the a-Si:H reported by Meier et al. (2004b) the current density is 
found to be ~55% less and the open circuit voltage is seen to be 30% less. This can be due 
to the following reasons. Firstly, the electric field inside the device can be significantly lower 
without the presence of an n-doped layer which detrimentally affects the charge 
extraction. Furthermore, it can also influence a low built in voltage across the intrinsic layer 
resulting in a low Voc. Secondly, prolonged exposure to atmospheric conditions due to the 
lack of in-house fabrication facilities, can cause adverse interfaciai effects. Furthermore, 
under the current device processing conditions a short exposure to the ambient 
immediately after native oxide removal cannot be avoided. As a result, a few mono layers 
of silicon oxide on a-Si:H could form on the etched surface prior to the metal back contact 
evaporation.
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Figure 4.2: Band diagram of the p/i structure with different metals including their work
functions.
4.3. N-type silicon deposition using PLD
PLD was investigated as a potential technique for depositing a n+-type silicon layer on a p/i 
structure for fabricating an a-Si:H p-i-n device at room temperature. A 5xl021cm'3 As-doped 
silicon wafer was used as the target. KrF, excimer laser was utilised to ablate the doped 
silicon from the target and deposit onto quartz substrates. Samples with a 250nm layer of 
n+-type doped a-Si was deposited at 6.65xlO'4Pa chamber pressure using an energy density 
of lOJcm"2 at a pulse repetition rate of 50Hz.
The sheet resistance was measured for the deposited samples using a Jande! 4-point 
microposition probe. Furthermore, the surface topology was also characterised using the 
AFM. Initially, the sheet resistance was not observed due to the high resistance of the a-Si. 
This can also be a result of non activated dopants in the active layer. In order to activate the 
material, laser crystallisation of the samples were carried out using an EL. Crystallisation 
was carried out in air under the conditions specified in the experimental details using 
several laser energy densities. Activation of the dopants was inferred by sheet resistance 
measurement on these films.
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Figure 4.3: Change of sheet resistance due to EL crystallisation in air.
Laser energy 
(mJcm-2)
Sheet resistance 
(12)/square
RMS roughness 
(nm)
Maximum 
height (nm)
300 19.0 341 2798
275 16.5 314 3580
250 20.0 315 2437
200 71.5k 468 3529
175 147.0k 367 2659
150 30.0M 170 1430
100 65.0M 348 3673
0 - 271 1441
Table 4.3: The sheet resistance, surface roughness and maximum height observed for ELC, PLD
n-type silicon.
I
Figure 4.3 shows the change in sheet resistance with the increasing laser energy density. It 
can be seen from the graph that the conductivity of the surface increases with the laser
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energy density which is consistent with the activation of the dopants. A minimum of 
16.50/sqre., was observed for 275mJcrri2.
The surface roughness and the surface images of the excimer laser crystallised samples 
were obtained using the AFM. Table 4.3 summarise the surface roughness of the laser 
crystallised samples in different energies together with maximum height obtained. It is 
evident from the table that the surface roughness is around 200nm for samples. Figure 4.4 
shows the surfaces of the samples obtained. Droplets of molten silicon is observed in the 
micrometer range, which is the primary reason for very high surface roughness.
300 mJcm'2
250 mJcrrv2275 mJcm'2 200 rrdcnv2
175 mJcm’2 150 mJcm’2 100 mJcm'2 0 mJcm"2
Figure 4.4: AFM  images of the PLD  silicon samples before and after excimer laser
crystallisation.
RBS measurements were carried out on the pulsed laser deposited samples to analyse the 
depth profile of the dopant. Only a very small density of As is observed from the RBS profile 
given in Figure 4.5. Si atoms observed can be seen from the blue line and the red line 
represents the substrate.
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Depth 10*15 atoms/cm2
0  2 Si 1 
Si 1000 As ?=1
Figure 4.5: Depth properties from RBS data of two samples deposited using the PLD system on
quartz substrates.
4.4. Discussion
Investigations using the PLD to obtain an n-type a-Si:H layer was concluded to be an 
unsatisfactory process. The reasons are as follows. Firstly, the sheet resistance of the initial 
material suggested that the material was highly resistive. This can be due to the nature of 
the a-Si without hydrogen and also due to the inactive As dopants. Secondly, the RBS 
results have shown that the amount of dopant density detected is inadequate. Since the 
target is heavily doped, it can be postulated that the As dopants did not reach the sample 
via vacuum from ablation due to the higher atomic weight of the As compared to the Si 
atoms.
However, the sheet resistance improved when crystallised with increasing laser energy 
suggesting that either the activation of dopants or the formation of poly-si or both would 
have happened in these samples. Nevertheless, the values were still far from being 
satisfactory as a highly conductive doped layer was expected from this exercise. In addition, 
it will be difficult to use high energy laser on the device surface to activate dopants as it can 
damage the underlying layers.
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4.5. Phosphorus doping using ion implantation
Ion implantation was carried out to dope the a-Si:H with phosphorus to fabricate an n+- 
layer for p/i a-Si:H. Different depths were proposed to implant the dopants to analyse the 
effect of different thicknesses of i-layers towards p-i-n a-Si:H device efficiencies.
Different thicknesses were investigated to obtain the optimum thickness for a-Si:H p-i-n 
devices. Figure 4.6 illustrates the schematic structure where implantation was performed 
and the associated depths. The minimum intrinsic layer thickness is selected to be ~200nm 
as it has been shown that this is the minimum layer thickness required for obtaining a 
sufficient absorption. The proposed dopant density was ~1 X 1019cm'3. A higher dopant 
density was not used to minimise the damage due to implantation and similarly, lower 
dopant densities are inadequate to form a built-in electric field in the intrinsic layer. 
Different energies were used to plant the dopants at different thicknesses using energies 
obtained from SUSPRE simulations.
Figure 4.6: Schematic of the p/i structure showing proposed depth for different dopant
implantation.
Distance from the 
surface
1st implantation and 
dose
2nd implantation and 
dose
3rd implantation and 
dose
50nm 20keV @ 3E13 5keV @ 8E12
lOOnm 40keV @ 5E13 lOkeV @ 1.5E13
200nm lOOkeV @ 1E14 40keV @ 4E13 lOkeV @ 1.5E13
Table 4.4: : The dose and energy used for the implantation of a-Si:H with phosphorus.
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Figure 4.7 shows the simulated dopant profiles for each thickness. A Gaussian profile is 
observed for each depth of implantation. The tail shows that a lower density of dopants at 
greater depths is expected to damage the intrinsic layer. Table 4.4 shows the different 
energies used with different doses used for implantation to obtain the desired dopant 
density at a given distance from the surface.
Optical transmission characteristics of the doped samples were obtained using an UV-Vis- 
NIR spectrometer and analysed compared to the undoped p/i structure a-Si:H. Figure 4.8 
shows the acquired transmission data for the samples. It can be seen from the graph that 
up to 500nm in all samples, there is complete absorption of radiation. This is due to the 
1.7eV optical band gap of the a-Si:H together with higher absorption in the UV. 
Transmission is observed to be changed in the doped samples which absorb slightly higher 
radiation (600—llOOnm) compared to the reference a-Si:H sample without dopants. 
Among the doped samples, the sample with peak dopant depth at 200nm from the surface 
is seen to have higher absorption.
It is suggested that the high absorption observed for the doped samples compared to the 
reference sample is due to the defects created from ion implantation which then act as 
defect sites which promote recombination. This may be due to the decreased band gap due 
to the extra states created in the band tail. Similar observation has been reported 
previously where a higher absorption was observed for phosphorus doping compared with 
undoped a-Si:H. (Yamasaki et al., 1982) Further, it is observed that n-type doping will 
reduces the band gap of a-Si:H. (Street, 1991)
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Figure 4.7: (a), (b) and (c) shows the proposed doping profiles to implant 50, 100 and 200nm 
from the surface on the intrinsic a-Si:H samples respectively obtained from SUSPRE 
simulation. The black line shows the dopant density profile.
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Figure 4.8: Transmission data of the device with dopan n-layer with different dopant depth.
Annealing can be used to activate the implanted dopants. Annealing is therefore required 
to activate dopants where the extra electron of phosphorus will contribute to the 
conduction band electron pool. There are several possible ways to anneal to achieve 
activation; e.g. thermal and laser annealing (LA). However, in thermal annealing, the 
annealing temperature will be limited resulting from the thermal expansion of the glass 
substrate. Alternatively, EL annealing will be a superior option to anneal a-Si:H top layer 
without harming the underlying layers including the glass substrate. This result from the 
higher UV absorption and the faster annealing timescales involved.
Samples were etched using the ICP reactive ion etcher to reach the implanted layer prior to 
LA. 200nm and lOOnm depth implanted samples were etched using a pre-calibrated recipe 
for ~100nm and ~50nm respectively and 50nm samples were not etched as it was in close 
proximity to the surface. Figure 4.9 shows the schematic of the completed device showing 
the EL annealing of doped a-Si:H to activate the dopants. These samples will be identified in 
the text by the depth of which the implantation (50nm, lOOnm and 200nm) was carried 
out.
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Figure 4.9: Schematic of the EL annealing process to activate the phosphorus dopants in a-Si:H.
Due to the UV operation of the laser and the high absorption of a-Si:H as mentioned earlier, 
lower energy density will be ideal to anneal the samples. The laser energy density was 
expected to be just adequate to melt the surface of the a-Si:H and resolidify with dopants. 
25mJcm'2 and 50mJcm 2 energy densities were used for the annealing. The EL comprise of a 
homogenised asymmetric beam profile which is 10mm along the beam, in the scanned 
direction and 4mm across, with a scan speed of 2.5mms1 at a pulse repetition rate of 50Hz 
was used to crystallise the samples. The experiments were carried out at ambient 
temperature and at 4xlO'3Pa base pressure. 60nm thick aluminium contacts were 
evaporated on to the silicon surface after a buffered hydrofluoric acid dip for 25 seconds to 
remove the native oxide layer, resulting in devices with a 14-25mm2 area.
J-V measurements of the fabricated devices were extracted under AM 1.5G simulated solar 
irradiation. Figure 4.10 shows the J-V characteristics of the 50nm samples. These samples 
include a reference 50nm sample and laser annealed 50nm samples at 25 and 50mJcm‘2. 
Table 4.5 summarise the extracted and calculated PV parameters of the 50nm devices.
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Figure 4.10: J-V characteristics of the 50nm samples including reference and laser annealed
silicon at 25 and 50mJcm'2.
Device Voc (V) Jsc (mAcm 2) FF (%) Efficiency (%)
Reference 0.43 5.81 33.4 0.83
25m jcm 2 0.64 2.00 24.3 0.31
50mjcm-2 0.54 4.00 28.3 0.61 
- . _________
Table 4.5: PV parameters of a 50nm samples including the reference and laser annealed at 25
and 50mJcm'2.
It can be seen that the reference 50nm device performed better compared to the laser 
annealed devices. It can also be seen from the graph that the Rsehes of the laser annealed 
devices cause the depreciated efficiencies. This is further confirmed from the 15-30% 
reduction of the fill factor compared to the reference sample. The Voc of the samples are 
different to each other where crystallised samples show increased Vocs. Higher Jsc is 
observed for the reference device compared to the crystallised devices. It is unclear from 
this observation whether the dopants were activated or not due to the poor performance 
of laser annealed devices.
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Figure 4.11: J-V characteristics of the lOOnm samples including reference and laser annealed at
25 and 50mJcm 2.
Device Voc (V) Jsc (mAcm2) FF (%) Efficiency (%)
Reference 0.51 0.40 16.7 0.03
25m jcm 2 0.24 3.69 27.8 0.25
50mjcm-2 0.41 3.02 25.7 0.32
Table 4.6: PV parameters of lOOnm samples including reference and laser annealed at 25 and
50mJcm"2.
Figure 4.11 shows the J-V characteristic curves for lOOnm phosphorus implanted and laser 
annealed devices. Table 4.6 summarise the extracted and the calculated PV parameters. 
Compared to the 50nm phosphorous doped samples, the results shown above are 
significantly different. The reference sample is observed to have a smaller Jsc compared to 
the laser annealed devices. The Vocs of the laser annealed samples are lower compared to 
the reference sample.
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Figure 4.12: Shows the J-V characteristics of the 200nm samples including reference and laser
annealed at 25 and 50mJcnT2.
Device Voc (V) Jsc (mAcm-2) FF (%) Efficiency (%)
Reference 0.52 0.48 18.5 0.05
25mjcm-2 0.47 0.82 21.7 0.08
50mjcm-2 0.15 0.30 28.1 0.01
Table 4.7: PV parameters of 200nm samples including reference and laser annealed at 25 and
50mJcm'\
Finally, Figure 4.12 shows the J-V characteristics of the 200nm samples and Table 4.7 
summarise the PV parameters. Improvements are not observed for the thinner intrinsic 
layer devices compared the lOOnm and 50nm devices. Further, improvements were not 
observed from LA for 200nm samples.
4.6. Discussion
Phosphorus was ion implanted into a-Si:H p/i structure to obtain a n+-layer to fabricate a- 
Si:H p-i-n solar cells. Different phosphorus implantation regimes were used to obtain three 
different intrinsic layer thicknesses to analyse the dependence of intrinsic layer thickness
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for a-Si:H p-i-n solar cells. These devices were laser annealed using low laser energy 
densities (25 and 50mJcm'2) hoping to activate the implanted phosphorus atoms. J-V 
characteristics were extracted under AM 1.5G illumination from these devices after 
completing the fabrication process.
The implanted devices without annealing showed 0.83%, 0.03% & 0.05% power conversion 
efficiencies for 50, 100 and 200nm devices respectively. It can be seen from these results 
that compared to the 50nm sample, samples implanted deeper show very poor output. 
Apart from different implantation regimes used, the 100 and 200nm devices have thinner 
intrinsic layers. However, from Figure 4.8 it can be seen that the optical absorption 
difference between the samples is at most 10%. Therefore, the poor performance of the 
cells must be attributed to electronic properties of the devices. This is evident from the 
drastic reduction for Jsc for 50nm cell (5.81mAcnT2) to lOOnm (0.40mAcm'2) and 200nm 
(0.48mAcm'2) cells. One reason for the poor performance could be the lack of activation of 
implanted phosphorus. However, attempts made to activate dopants using LA also resulted 
in an unsatisfactory set of devices. For the 50nm devices after the LA step, the Jsc reduced 
with increasing Rseries for both laser energies. The increased series resistances resulted in 
lower FFs and reduced efficiencies when compared to the reference device; however they 
remain in the same order of the magnitude.
For lOOnm samples, Jscs increased for both LA energies. They show slightly better series 
resistances increasing the device efficiency by an order of magnitude. Albeit less than 1%. 
For 200nm samples, all the PV parameters fluctuate, making it difficult to form any 
conclusions suggesting that the diode behaviour of these samples is lost. This may be due 
to the ion implantation damage of the structure which underwent the highest implantation 
energy and three implantation doses. Vocs of all the cells fluctuate randomly making it 
difficult to conclude the origin or the behaviour of the Voc.
Table 4.8 compares a-Si:H p/i metal device to best phosphorus implanted cell. It is quite 
clear from the data that the implantation technique is unsuccessful to be used as the n+- 
layer fabrication method for efficient solar cells. Therefore, a phosphorus diffusion process 
was attempted in order to create p-i-n structures. Section 4.7 discusses this experiment in 
detail.
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Back contact metal Voc (V ) Jsc (m Acm 2) FF (% ) Efficiency (% )
Al (p/i device) 0.60 7.44 49.0 2.20
Reference of 50nm device 0.43 5.81 33.4 0.83
Table 4.8: Comparison of two devices in section 4.2 (p/i device) and 4.5 (50nm reference) p-i-n
device.
4.7. Phosphorus doping of a-Si:H using diffusion
In this section, a-Si:H p-i-n solar cells fabricated with an n+-layer using a diffusion process is 
discussed. The n+-layer was obtained by evaporating phosphorus and thermally annealing 
the samples for dopant activation. Five different intrinsic layer thicknesses of a-Si:H were 
used for this study. Different thicknesses were obtained by etching the initial 400nm 
intrinsic layer in a-Si:H p/i structure to obtain 200, 250, 300 and 350nm thick intrinsic 
layers. The STS ICP etcher was utilised to etch a-Si:H for different thicknesses as explained 
in section 3.10. Three sets of samples were prepared for the experiment. One set was used 
as the reference, while the second was used to evaporate phosphorus and then anneal. The 
third set was annealed to the same temperature as set two, however, without phosphorus. 
5nm of red phosphorus was evaporated onto the sample set two, at 9xl03Pa evaporation 
pressure where the evaporation process was explained in section 3.3. Second and the third 
sets of samples were annealed at 400 C for 30 minutes using the thermal annealer, at a 
base pressure of 25Pa while Ar was purged at 50sccm. 400 C was the highest temperature 
possible without destroying the structure, mainly as a result of the ITO degradation.
Samples were optically characterised using transmission measurements. Later, devices 
were fabricated after removing the native oxide, by evaporating Al back contacts. J-V 
characteristics were measured under AM 1.5G illumination and IPCEs were measured for all 
the devices. The dopant profile was investigated for 400nm intrinsic layer of p/i and p-i-n 
samples using differential Hall profiling system. Phosphorus doped and annealed devices 
are identified as Doped devices and reference annealed devices are identified as Annealed 
devices, whilst a-Si:H devices are referred to as reference devices in the following section.
85
<75
 200D
 250D
3 OOD
 350D
 4 OOD
— -200R 
—*— 25 OR 
30 OR 
—*—  350R 
— -  4Q0R
— I   1—
900 1000
—  20 OA
—  250A 
300A
—*—  350A
—  400A
(a) Reference sample
Energy (eV)
Energy (eV)
—  2 OOD • 
— -  2  S O D  • 
3 OOD • 
— 350D -
- 4 OOD ■
9x10s 
S' 8x10s 
£  7x10s
ts
I  6x10s
I  5x10s 
a
£  4x10s 
o
£  3x10s 
a 2x10s
600 700 800 900 1000 1100
Wavelength (nm)
1.0 1.5 2.0 2.5 3.0 3 5
Energy (eV)
(c) Doped samples
(b) Annealed samples
Figure 4.13: Optical transmission data for (a) reference for p/i with different i-layer thickness, 
(b) p/i with different i-Iayer thickness and annealed and (c) phosphorus doped and thermally 
annealed p-i-n samples with different i-layer thicknesses and their corresponding absorption
coefficients.
Figure 4.13 shows the optical transmission data obtained and corresponding absorption 
coefficients calculated for all the samples. Transmission data show thickness dependence of 
the absorption upto llOOnm. It can be seen that as expected, the 200nm thick sample 
shows the lowest absorption as opposed to the 400nm thick sample. The similar absorption 
coefficients (~105cm 1) observed for these sets confirms the variation in transmission is 
minimal for corresponding thicknesses. From the design aspect of the solar cells, this
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confirms the possibility of using thinner intrinsic layers due to the similar absorption 
coefficients. The regional discrepancies in the transmission data are associated with the 
interference effect at different interfaces.
Figure 4.14 shows the J-V characteristics for all three sets of devices, in addition, extracted 
and calculated solar cell parameters for all the devices are presented in tables next to their 
corresponding J-V curves. It can be observed from Figure 4.14(a) that the 400nm intrinsic 
layer reference sample shows the highest power conversion efficiency of 2.47%. Power 
conversion efficiencies were decreased with the reduction of intrinsic layer thickness of a- 
Si:H p/i devices. The Vocs of the devices were reduced drastically for the 250nm thick 
sample (0.33V) down to 0.12V for 200nm sample. FFs and Jscs of the reference samples 
show random fluctuations with respect to the intrinsic layer thickness. Further, the 400nm 
thick sample showed higher Rseries compared to the rest. For the Annealed samples, the best 
efficiencies are reported for the 400nm thick sample as well. Voc for annealed samples start 
to reduce from 300nm thick sample compared to 250nm thick sample for the reference set. 
Jscs fluctuates randomly as observed for reference cells while FFs get lower with thickness. 
The set with the diffused phosphorus layer annealed at 400°C show a similar trend to the 
reference. For the Doped set, the best efficiency once more was observed for 400nm thick 
sample.
It was observed during trial and error, that the ITO layer underneath is quite sensitive to 
temperature. In order to find the maximum temperature operable without significantly 
affecting the ITO layer, a number of samples were pre heated from 600°C downwards in 
steps of 50°C. Although 400°C was picked to be maximum possible temperature for 
annealing, this temperature may have caused deterioration of the p/i interface of the 
device structures. This phenomenon is suggested to be the fundamental reason for the 
comparatively poorer device efficiencies for the Annealed set.
IPCEs for all three sets of samples were also measured and are shown in Figure 4.15. The 
IPCEs show the amorphous nature of the silicon absorber layer and corroborates well with 
the Jsc variations of the respective solar cells.
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Figure 4.14: J-V characteristics of a-Si:H for (a) reference for p/i with different i-layer thickness 
(b) p/i with different i-layer thickness and annealed and (c) phosphorus doped and thermally 
annealed p-i-n samples with different i-layer thicknesses and solar cell parameter tables.
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Figure 4.15: IPCEs for (a) reference for p/i with different i-layer thickness (b) p/i with different 
i-layer thickness and annealed and (c) phosphorus doped and thermally annealed p-i-n samples
with different i-layer thicknesses.
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Figure 4.16: The change of the efficiency of the solar cells with different intrinsic layer
thicknesses.
Figure 4.16 shows change in the power conversion efficiency of the solar cells with different 
intrinsic layer thicknesses for each set. This shows that the device efficiencies decreased 
with thickness for each set as expected if there is a volumetric consideration for the 
absorption of photons within the a-Si:H layer. Further, the reduced efficiencies observed for 
the Annealed and Doped sets are clearly visible, while showing a reduced trend in decrease 
of efficiencies with thickness. Although lower thicknesses show lower absorption compared 
to the 400nm thick samples, a many number of phenomena could be responsible to 
observed results. The textured nature of the ITO causes thinner samples of a-Si:H to have 
thinner regions resulting in prominent reach through effects which reduce the Vocs of the 
devices. Further, the RShuntS could decrease due to these thinner areas having non­
uniformity across the sample resulting in lower FFs. All these aspects in combination needs 
to be considered with reducing thickness when comparing the efficiencies.
In order to investigate the doping profile of the phosphorus diffused cells, differential Hall 
measurements were utilised. For this study, p/i and p-i-n structures were used with intrinsic 
layer thicknesses of 400nm. The sample preparation steps were discussed in the section 
3.13 in the experimental section for Hall profiling.
Figure 4.18 and Figure 4.19 show the two dopant profiles obtained for p/i and p-i-n devices 
including the measurement error of ~4%. (Smith, 2006) The reference p/i (3xl012cm‘2)
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device shows a low sheet carrier concentration at the surface compared to the p-i-n device 
(6xl013cm'2). Taking the average of the sheet concentration down to 50nm, an effective 
dopant concentration can be calculated for both devices. By using this process the 
measured sheet concentration for the carriers can be converted to volumetric dopant 
profiles. This yields lx l0 18cm'3 for the p/i structure and 6.6xl018cm'3 for p-i-n structure, 
suggesting that some of the diffused phosphorus atoms have been activated during the 
process. Although marginally higher for the p-i-n structure, sheet carrier concentrations for 
both devices fluctuate making it difficult to draw any further meaningful conclusions. 
Further, it can be noted that after 350nm depth into the sample, a hole concentration is 
observed for both devices, suggesting this to be due to the p+-layer. It is well known in the 
literature that an anomalous Hall effect exists for the sign of the carriers as has been 
recorded in the past. (Street, 1991) Yet, in our case this change in sign from -ve to +ve for 
the carrier type at approximately the correct thickness for the i/p boundary gives us 
confidence that this measurement performed is accurate and gives meaningful carrier type 
data. The high sheet carrier concentration shown beyond 400nm (2xl016cm"2) is the value 
corresponding to the ITO layer. This corresponds to 4xl02°crrf3 for ~500nm thick ITO layer 
as observed in literature. (Kim et al., 1999) This was verified by etching the a-Si:H layer 
completely using the STS ICP etch and measuring the sheet 
concentration using the same set up.
The sheet carrier concentration measured for the p/i 
structure is rather high for undoped a-Si:H, suggesting that 
the measurement may be affected by the highly 
conductive textured ITO layer lying underneath. It is
Figure 4.17: Band structure of a-
concluded that in order to draw meaningful conclusions this 0. „  . „ ... , . „°  Si:H p-i-n cell with defects states
experiment needs to be performed without the conductive at the introduced n+-layer 
layer on an insulating substrate.
In order to verify the efficacy of the p/i device and in order to improve the collection 
efficiency of the a-Si:H structure, we have incorporated an n+-layer on the surface of the 
structure as described earlier. The n+-layer should introduce a tunnelling barrier to the Al 
electrodes as showed in Figure 4.17 and thus improve the device performance. The 
observed results show that the diffusion process introduced other factors resulting in lower 
efficiency cells, contrary to the expected outcome. It is possible that the introduction of the 
n+-layer also introduces many defects states which then act as recombination centres for
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the photo-generated carriers and thereby masks any possible improvement in the band 
structure due to its presence. The data therefore suggest that the dominant factor which 
controls the efficiency of our solar cells is the p/i device and more optimisation will need to 
take place before any doping effects of the introduced n+-layer is observed.
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Figure 4.18: Sheet concentration with respect to the depth of the reference a-Si:H p/i structure
obtained from Hall profiling.
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Figure 4.19: Sheet concentration with respect to the depth of the doped and annealed a-Si:H p-i-
n structure obtained from Hall profiling.
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4.8. Activation energy in a-Si:H and ELC silicon PVs using DLTS
After observing deteriorating device efficiencies for p-i-n a-Si:H devices, this section further 
investigate the ELC silicon for trap states without introducing the n-layer.
The activation energies of trap states formed in ELC silicon solar cells were studied using 
DLTS and compared to the measured values obtained from reference a-Si:H devices. 
Samples with a 150nm thick intrinsic a-Si:H layer deposited on ITO were used in this 
experiment. EL crystallisation of a-Si:H samples were carried out at 25, 50 and lOOmJcm'2 
energy densities, within a vacuum of 4xiO'3Pa, scanning the samples at a speed of 2.5mms‘1 
using a pulse repetition rate of 50Hz. ELC samples and a~Si:H reference devices were 
fabricated by evaporating a Al back contact (60nm). A reference sample was measured 
initially to identify peaks in the transient capacitance, thus calibrating the instrument setup.
Reference a-Si:H solar cell samples were first tested at different settings to observe the trap 
detection while changing one variable at time for each temperature scan. Table 4.9 
summarises settings used for each experiment. Initially, the rate window, which is 
determined by t2 and t2, was changed to different settings. Once the trap is observed for a 
particular rate window, other settings are varied for enhancing the DLTS signal.
Last setting of the Table 4.9 is used with all the rate windows for full temperature scans. 
The resulting scan is shown in Figure 4.20 and it demonstrates an electron trap deduced 
from the sign of the graph for an intrinsic a-Si:H. The peak amplitude of the graph is 
decreased due to the change of rate window. The peak of the graphs can be measured 
automatically or manually using the software program "trapview" and an Arrehnius plot, In 
(e/T2) versus 1000/T obtained is shown in Figure 4.21. (Reehal et al., 1996)
The activation energy and the capture cross section were estimated from the slope and the 
intercept of the best fit line respectively. An activation energy of 0.62eV from the 
conduction band is calculated for the intrinsic a-Si:H sample. This value was slightly higher 
to the activation energy (~0.40eV) reported for a-Si:H in literature. (Madan & Shaw, 1988, 
Street, 1991)
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Reverse
Bias
(V)
Fill
Pulse
(V)
Start
temperature
(k)
Finish
temperature
(k)
Sensitivity
(mV)
Fill Pulse 
Length (Time 
Constant) 
(ms)
Rate 
Window (s’1)
-3 0.5 450 300 2.00 5 ms lk,400
-3 0.5 300 450 2.00 5 ms 50,20
-3 0.5 450 100 2.00 5 ms 200,80
-5 0.5 440 300 2.00 5 ms 200,80
-1 0.5 300 440 2.00 5 ms 200,80
-3 1 440 300 2.00 5 ms 200,80
-3 2 330 450 2.00 5 ms 200,80
-3 0.5 440 300 2.00 1 ms 200,80
-3 0.5 330 450 2.00 20 ms 200,80
Table 4.9: The different settings used to obtains DLTS data. The highlighted parameters were
changed in each test.
Further experiments were carried out to measure any remaining trap states present in the 
material by increasing the reverse bias to -5V while keeping the other settings as the 
previous measurement. A positive peak was observed for the intrinsic a-Si:H sample which 
correlated to a hole trap near the valance band. The activation energy obtained from the 
software is 0.66eV. Therefore this hole trap state is found to be located 0.66eV from the 
valance band and this value is corroborates well with literature (~0.70eV). (Madan & Shaw, 
1988) Similarly, ELC a-Si:H samples were analysed using the above technique using a 
temperature sweep with different rate windows. However, peak signals were not observed 
for any of the samples.
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Figure 4.20: Experimental DLTS spectra for electron trap in intrinsic a-Si:H. Sixteen different 
spectra are shown corresponding to the eight rate windows used. Ascending (I) and descending 
(d) temperature measurements are taken for each rate window.
Figure 4.21: Arrhenius plot of emission rate (e) versus temperature from hole trap in the
intrinsic a-Si:H.
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Figure 4.22: DLTS spectra for representing the hole trap states in the intrinsic a-Si:H. Sixteen 
different spectra are shown corresponding to the eight rate windows used. Ascending (I) and 
descending (d) temperature measurements are taken for each rate window.
Figure 4.23: Arrhenius plot of emission rate (e) versus temperature from hole trap in intrinsic a-
Si:H.
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Figure 4.24: DLTS spectra for ELC silicon. Peaks are not observed at the different rate 
windows used. Ascending (i) and descending (d) temperature measurements are taken for each
rate window.
Figure 4.24 shows the DLTS signal taken for a 25mJcm'2 sample and it only shows noise. All 
ELC samples demonstrated similar plots to the above. Few reasons could be presented to 
explain these measurements. In an ideal situation, the trap density could be expected to 
reduce as a result of the crystallisation process. In this scenario the sign of peak might not 
be observed. However, neither complete crystallisation nor super lateral growth is seen to 
happen due to crystallisation as the low laser energy densities are used in these 
experiments. This leaves the material partially melted, resulting in a set of phases including 
a-Si:H, crystallised silicon and nc-Si:H. Previous work carried out by Adikaari showed that 
the above process creates an intermediate layer in between the two layers with small grain 
nc-Si:H. (Adikaari et al., 2006) This showed that the overall material should have traps, 
related to these interfaces, contrary to the prospect of reduced trap formation due to 
crystallisation. Therefore, it can be concluded that the DLTS technique may not be able to 
resolve the complex combination of materials created from the EL crystallisation process as 
seen above.
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Chapter 5
5. ELC silicon solar cells and increase of short circuit current 
density
5.1. Introduction
The excimer laser can be used to crystallise an a-Si:H sample in two different ways. One 
method is by using multiple shot crystallisation across the sample and the other method is 
using a single shot laser crystallisation. In this chapter various a-Si:H samples were 
crystallised at varying energies using the above two methods and characterised. The 
surface and the crystalline volume fraction of the crystallised a-Si:H samples were analysed 
as a function of the crystallisation energy density. Furthermore, cross sectional analysis is 
carried out to investigate the physical properties of multiple shot crystallised a-Si:H 
samples. Following the material characterisation, solar cells were fabricated by evaporating 
Al back contacts. The fabricated solar cells were electrically characterised under standard 
conditions. Furthermore, time dependence characteristics under illumination were also 
studied for these devices.
5.2. Surface analysis of ELC silicon
Pre-cleaned samples which include the following structure, glass/ITO (500nm), p+a-SiC:H 
(~12nm), a-Si:H (400nm), were crystallised using different laser energies in multiple shot 
laser scans and single shot modes. The excimer laser used for these experiments comprised
98
of a homogenised asymmetric beam profile which is 10mm along the beam scanned 
direction and 4mm across, with the scan speed of 2.5mms'1 at a pulse repetition rate of 
50Hz for multiple shot laser scanned samples. A series of energy densities was used for the 
crystallisation from 40 to 160mJcm 2, with a step size of 40mJcm'2 for multiple shot laser 
scanned samples. The single shot laser crystallisation was carried out at 80, 120 and 
160mJcm 2 energies. All experiments were carried out under ambient temperature and at 
4xlO'3Pa base pressure.
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Figure 5.1: RMS roughness of the ELC silicon samples for different laser energies.
Figure 5.1 shows the surface roughness of the samples measured using a Digital 
Instruments Dimension 3100 scanning probe microscope. It is observed that the initial 
surface roughness of the a-Si:H is approximately 38nm. This comparatively higher surface 
roughness is attributed to the textured ITO layer found underneath. The roughness is seen 
to increase with the increasing laser energy up to 49nm in the multiple shot laser scanned 
mode. The above increase of the rms roughness due to laser crystallisation is expected to 
enhance the light scattering capability and improve the device performance. However, 
single shot laser crystallised samples show higher rms roughness compared to the pulsed 
laser scanned samples as observed from Figure 5.1.
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The 160mJcrri2 single shot laser crystallised sample shows 130nm roughness compared to 
44nm roughness for multiple shot laser scanned mode indicating significant difference at 
same energy density. This suggests that multiple shot laser crystallised methods have 
different mechanisms of resolidification due to scanning multiple shots, compared to a 
single shot. Figure 5.2 & 5.3 shows the AFM images of the laser crystallised a-Si:H surface at 
160mJcrri2, using the single shot and multiple shot methods respectively.
Figure 5.2: (a) single shot laser crystallised surface at 160 mJcm'2, (b) 3D image of (a) and (c) 
height profile of the sample surface line scan across the middle as indicated in (a).
Figure 5.3: (a) multiple shot laser crystallised surface at 160 mJcm'2, (b) 3D image of (a) and (c) 
height profile of the sample surface line scan across the middle as indicated in (a).
It is clear from Figure 5.3(b) that the topology of the multiple shot laser crystallised surface 
contains a well ordered stratified structure compared to islands observed in Figure 5.2(b) 
for single shot laser crystallised surface. Further, Figure 5.3(c) shows the surface height 
profile across the multiple shot laser crystallised surface and Figure 5.2(c) shows a similar 
profile obtained for single shot laser crystallised samples. It further confirms that these 
profiles for multiple shot laser crystallised silicon consist of ordered surfaces (clOOnm 
maximum height), compared to the single shot laser crystallised silicon surface (<800nm 
maximum height).
1 0 0
As seen from the reports in the literature for high power laser excitation, decomposition of 
material into H2 and silicon leads to ablation of silicon. (Pedraza et al., 2000) This will lead 
to the initial roughness observed on textured ITO of the multiple shot laser crystallised 
samples. The better uniformity achieved from the multiple shots creates an enhanced 
uniform grain structure in the multiple shot crystallised surface. In contrast, single shot 
laser crystallised sample lacks uniformity. Furthermore, the high rms roughness of single 
shot laser crystallised surface cannot be explained purely based on the process of ablation 
itself. This can be due to a few reasons. The increased roughness and AFM shows islands or 
column structures created with elevated heights compared to the initial roughness of the 
surface. This suggests that the hot liquid silicon created from the laser fluence moving 
upwards on columns and islands on textured surface creating elevated heights. {Pedraza et 
al., 2000; Chen et al., 1997) This has led to an increase in the rms roughness of the single 
shot laser compared to the multiple shot laser crystallisation process.
5.3. Crystalline volume fraction
Raman spectroscopy is effectively used in the analysis to calculate the crystalline volume 
fraction in mixed phased silicon materials. (Tsu et al., 1982) Percentage of crystalline 
material relative to the amorphous counterparts can be found quantitatively using this 
technique. The crystalline volume fraction is calculated using the Raman spectra according 
to a method proposed by Tsu et al. Equation (5.1) is used to calculate the crystalline volume 
fraction (Xc) using the backscattering cross section (y) of the amorphous and crystalline 
phases and integrated intensities of crystalline (lc) and amorphous (la) peaks. The integrated 
intensities of the peaks were obtained using Gaussian and Lorentzian fits for the peaks of 
amorphous and crystalline spectra as shown in Figure 5.4.
Xc =  c—  (5.1)
C  I c + Y l a
Samples, crystallised as discussed in section 5.2, were used to obtain Raman spectra using a 
Renishaw 2000 Raman Spectrometer. The crystalline volume fraction was calculated using 
equation (5.1) and 0.8 used as the backscattering cross section (y). It has been 
demonstrated earlier that 0.8 as the appropriate value for backscattering cross section for 
mixed phase silicon. (Adikaari and Silva, 2005)
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Figure 5.4: An example of the obtained Raman spectra of mixed phase silicon film (black line). 
Fitted graph for the obtained Raman spectra is shown in grey line (with circles). Blue and green 
line shows the Gaussian fitting separately for amorphous peak and Lorentzian fitting separately
for crystalline peak respectively.
Figure 5.5 shows the calculated crystalline volume fraction of the ELC silicon samples 
obtained by multiple shot laser and single shot laser crystallisation. The crystalline volume 
fraction increases with increase of laser energy density as expected for both multiple shot 
and the single shot laser crystallised samples. However, similar to rms roughnesses, a 
higher crystalline volume fraction was observed for single shot laser crystallised samples. 
Higher rms roughness of the single shot sample show increased surface area compared to 
low rms roughness multiple shot samples.
After analysing the rms roughness and the crystalline volume fraction of the a-Si:H samples, 
processed by multiple shot laser and single shot laser crystallisation, investigations were 
carried out to understand their use in PV applications as shown in the following section.
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Figure 5.5: Calculated crystalline volume fractions of the samples for different laser
crystallisation energies.
5.4. Single shot EL crystallisation of a-Si:H for device fabrication
Figure 5.6 shows the device structure used for the fabrication of solar cells using the single 
laser shot crystallisation process. Al contacts (60nm) were evaporated on to the silicon 
surface after etching by buffered hydrofluoric acid dip for 20 seconds to remove the native 
oxide layer. Fabricated devices demonstrated device areas in the range of 14-30mm2. The 
n-layer was not introduced to the device structure to simplify the analysis of the effect of 
laser crystallisation on the intrinsic a-Si:H region. J-V characteristics were measured under 
AM 1.5G illumination as shows in Figure 5.7. The Jsc and Voc values were calculated from the 
characteristic curve and were used in for the calculation of the FF and the efficiency.
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Single shot excimer laser crystallisation 
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Figure 5.6: Single shot ELC silicon p-i- device structure.
Figure 5.7: J-V characteristics of a-Si:H and ELC silicon solar cells using a single shot laser 
measured under AM  1.5G simulated solar irradiation.
Table 5.1 shows the measured and calculated device parameters for these devices. It can be 
seen from the J-V curve and the extracted data that the ELC devices show poor 
performances compared to the reference a-Si:H device. EL devices show low Vocs drastically 
reduced Jscs and very low FFs resulting in inefficiencies an order of magnitude or lower 
compared to a-Si:H reference device. A number of parameters lead to poor device 
performances after single shot laser crystallisation and those parameters are relevant to
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multiple shot crystallisation regime as well. Therefore a detailed discussion of the trends 
presented by Table 5.1 will be discussed during section 5.6, which is the discussion for this 
section.
Device Voc (V) Jsc (mAcm2) FF (%)
Efficiency
(% )
Area
(mm2)
a-Si:H 0.64 7.61 50.7 2.47 14.4
80 mJcm2 0.35 1.60 23.6 0.13 14.0
120 mJcm 2 0.54 1.90 23.6 0.24 24.7
160 mJcm 2 0.35 1.01 24.1 0.08 27.3
Table 5.1: PV parameters of the single shot ELC silicon p-i solar cells.
Multiple shot ELC devices were fabricated in a similar manner to the single shot devices 
with the objective of obtaining an enhanced performance compared to the single shot ELC
devices.
5.5. ELC silicon solar cells using multiple laser shots
Figure 5.8 shows the schematic of the multiple shot laser scanning process across the 
sample carried out at 50Hz repetition rate. Optical transmission data of the a-Si:H and ELC 
silicon samples were extracted prior to solar cell fabrication. After evaporating Al back 
contacts, J-V measurements were extracted as described above.
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Figure 5.8: Schematic diagram of multiple shot ELC silicon p-i solar cell.
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Figure 5.9: J-V characteristics of a-Si:H and ELC silicon devices with multiple shots under AM  
1.5C stimulated solar irradiation for each crystallisation energy density.
Figure 5.9 shows the J-V characteristics of the devices and PV parameters were extracted 
and calculated from the data obtained. Extracted and calculated data is presented in Table 
5.2 and Table 5.3. Similar to single shot laser crystallised devices in the previous devices, 
the reference a-Si:H device shows the best performance with a Jsc of 7.44mAcm'2 together 
with a Voc of 0.60V. The Jscs are found to be severely reduced for the multiple shot ELC 
silicon devices (>40mJcm'2) and at the same time Vocs are also lower for these devices
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compared to the reference and 40mJcm'2 devices. The R series is increased sharply and, R shunt 
of the devices were similar to R series apart from reference and 40mJcm'2 devices as can be 
observed from Figure 5.9 and Table 5.3. As a result FFs of ELC devices above 40mJcm'2 show 
~25% FFs.
Section 5.6 discuses the associated parameters resulting in poor device performances after 
laser crystallisation.
Device Voc (V) Jsc (mAcm2) FF (%)
Efficiency
(% )
Area
(mm2)
a-Si:H 0.60 7.44 49.0 2.20 9.98
40 m jcm 2 0.62 6.08 31.7 1.19 4.60
80 m jcm 2 0.49 1.95 23.8 0.23 7.40
120 mjcm-2 0.45 1.86 25.0 0.21 7.43
160 m jcm 2 0.44 1.60 26.7 0.19 4.10
Table 5.2: PV parameters of multiple shot ELC silicon p-i solar cells.
Device Series Resistance (12) Shunt Resistance (12)
a-Si:H 0.28 k 12.20 k
40 m jcm 2 2.70 k 7.10 k
80 mjcm*2 4.40 k 3.10 k
120 m jcm 2 3.30 k 3.30 k
160 mjcm-2 3.20 k 7.50 k
Table 5.3: Device parameters of multiple shot ELC silicon p-i devices.
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5.6. Discussion
EL crystallisation was carried out in a:Si-H to integrate intrinsic a-Si:H and poly-Si in order to 
enhance the power conversion efficiencies and stability. However, ELC silicon devices 
fabricated with multiple shot and single shot laser crystallising techniques were seen to 
demonstrate lower device performance compared to the reference devices. It is observed 
from the tabulated PV parameters in Table 5.2 for the multiple shot ELC silicon cell at 
40mJcm'2, the Voc is similar to the a-Si:H cell. However, this Voc observed for a-Si:H is lower 
than the typical value of 0.80V. (Miere et al., 2004b) This is expected to be due to the low 
built-in potential created as a result of absence of the n+-layer. Further, the similarity in Vocs 
of a-Si:H and the cell crystallised at 40mJcm"2 is also consistent with the near a-Si:H nature 
of the 40mJcm"2 device as can be seen from Raman analysis in Figure 5.5.
For both multiple and single shot laser crystallised devices above 80mJcm"2, lower Vocs are 
evident from Table 5.1 and Table 5.2. These lower Vocs can be attributed to the effects of 
surface roughening during EL crystallisation. In section 5.2, it was observed that the single 
shot crystallised surface showed higher rms roughness from 85nm to 131nm for 80 and 
160mJcm'2 samples. Further as shown from Figure 5.2(c), surface features as deep as 
800nm from the peak were observed for 160mJcrri2 sample. For multiple shot regime the 
maximum height of the surface features are smaller in hundreds of nm, the order of which 
is still considerable given the initial nominal thickness of the a-Si:H films is 400nm. 
Therefore, the large area devices compared to the AFM image of 25pm2 are bound to have 
thinner (less than 400nm) absorber layer areas. In order to ascertain this hypothesis cross 
sectional TEM was utilised.
Figure 5.10 shows a cross sectional TEM image of ELC silicon at 160mJcm"2. A distinct three 
layer structure can be seen from this figure as a-Si:H, an intermediate layer and a large 
grained poly-silicon layer. Large grain sizes were observed in the range of 150-175nm. The 
length of the red line from the a-Si:H to large grained poly-silicon layer equals to the 
measuring bar, showing lower intrinsic layer thickness (~250nm) compared to the bulk due 
to the textured ITO. In addition, at this point the intermediate layer created due to solid 
phase crystallisation shows close (<50nm) to the p+ a-SiC:H layer. This observation suggests 
more heat reaching the p/i interface at these thinner areas of the device.
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Figure 5.10: Cross-sectional transmission electron micrograph showing the layered silicon 
structure upon EL crystallisation (160mJcnT2)-
Therefore, thermal energy reach at this p/i interface would change the properties of the 
junction resulting in a reach through effect reducing the Voc of the whole cell. Further, the 
thin areas of the solar cell will result in a reduced Rshunt which will in turn affect the FFs of 
these devices. The increase in Rseries is attributed to the thermal damage of the p/i interface 
resulting in deviation from the near-ohmic nature of the p+a-SiC:H and TCO.
The Jsc of the devices were also observed to decrease with increasing EL energy density. A 
67% decrease of Jsc was observed when the laser energy was increased from 40mJcm 2 to 
80mJcnrT2 for multiple shot ELC silicon. This significant decrease of the Jscs can be due to a 
number of aspects. Lower optical absorption and increased carrier recombination after 
crystallisation are two such aspects. Also, the thermal energy changes experienced by the 
p/i interface results in a lower charge extraction condition.
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Figure 5.11: Optical transmission data of a-Si:H and ELC silicon samples on gIass/ITO/p+ a-
SiC:H.
Jsc reduction can be a combination of these aspects. In order to investigate the absorption 
of these absorber layers, UV-Vis-near IR transmission data through the samples were 
obtained. Figure 5.11 shows the optical transmission data of the a-S:H and the ELC silicon 
devices fabricated using multiple shot laser scan method. From the Figure 5.11, it is evident 
that the optical absorption of the device absorber layer at each crystallisation energy 
density are similar. This result leads to a conclusion that drastic reduction of Jscupon laser 
crystallisation is due to carrier recombination and poorer charge extraction compared to a- 
Si:H devices. Another aspect which would increase recombination has been reported by 
Adikaari et al., 2006, where it has been observed that fine grained nc-Si:H layer formed 
upon crystallisation show an increased band gap depending on the crystallites size. 
Presence of such a layer would act as a barrier for charge transfer across the device which 
would increase recombination. This phenomenon will be discussed in detail in the following 
section. From Figure 5.10, it can be seen that the laser crystallised absorber layer consist of 
large distribution of grain sizes. The grain boundaries are known to contain a large density 
of dangling bonds and therefore it can be speculated that the fundamental reason for 
reduced Jscs is through recombination.
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5.7. Increase of photocurrents in ELC silicon solar cells
Devices with laser crystallised silicon absorber layers show inferior performance compared 
to reference devices due to a number of reasons including the formation of nc-Si:H. 
(Adikaari et al., 2006) However, further measurements performed on the excimer laser 
crystallised devices after prolonged exposure to simulated sunlight up to 30 minutes in five 
minute intervals showed an increase in Jscs. The corresponding temperature under 
simulated solar irradiation was measured using a thermocouple attached to the Al contact 
using a Fluke 51 K/J measurement unit. The temperature was observed to increase with 
time and saturated at 42°C for all the devices after 30 minutes exposure to light. Figure 5.12 
shows the change in Jscs with time for all the devices measured from the room 
temperature. The a-Si:H reference device showed no significant increase in Jsc. Similarly, the 
device fabricated at crystallisation energy of 40mJcm‘2did not show a significant increase in 
the Jsc although small variation was observed. This may be attributed to the fact that this 
device consists of mainly a-Si:H, (96%, Figure 5.5), and therefore effectively governed by 
the majority a-Si:H. At higher crystallisation energies, the Jsc increased with the laser energy 
density, with a maximum increase of 35% at 160 mJcm'2.
Repeated J-V measurements after cooling to room temperature (atmospheric conditions, 
kept in the dark) showed identical Jsc increments, demonstrating the reversible nature of 
the above phenomena. These observations suggest that the measured enhancement of 
photocurrents correlates with the temperature of the cell which is the only reversible 
parameter in the experiment. In order to supplement this hypothesis, the J-V characteristics 
of the devices were re-measured under illumination, however on a hot-plate, at different 
temperatures. Here, the temperature measurements were performed using exactly the 
same setup used to measure the optical heating during solar illumination. The J-V 
characteristics of the cells were measured from 30°C to 60°C in 10 °C intervals. Samples 
were maintained at each temperature while the J-V characteristics were extracted under 
AM 1.5G illumination.
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Figure 5.12 Change of the short circuit current densities measured for the multiple shot ELC
silicon devices with time.
Figure 5.12 shows Jscs variation of the solar cells with temperature. It can be seen that the 
Jsc of a-Si:H is reduced with the increased temperature compared to the laser crystallised 
cells. The laser crystallised cells show increasing Jsc with temperature, as observed from the 
time-based measurements above. However, the increment of the Jsc upon time-based 
measurement is different to these temperature based experiments due to different 
temperature scales.
Although the temperature dependence of the Jscs of ELC silicon cells is evident from the 
above experiment, verification that the cell temperature is responsible for reversible 
current density is required. For increase of the current densities in laser crystallised cells, 
the thermal energy attained due to the maximum cell temperatures measured is found to 
be insufficient (at 300K, kT is 26.0meV and at 315K, kT is 27.3meV) to contribute to thermal 
excitation of carriers in a silicon solar cell.
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Figure 5.13: Change of the Jsc (mAcm'2) for the a-Si:H cell and ELC silicon cells measured on a
hot plate for different temperatures.
5.8. Discussion
In order to explain the temperature dependent-increase of Jscs, it is necessary to formulate 
a possible band diagram for the ELC silicon. A band diagram for an ELC silicon cell consisting 
of a-Si:H, nc-Si:H and poly-Si is illustrated in Figure 5.14(b), where the corresponding 
energies were taken from a number of references. (Adikaari et al., 2006, Adkiaari, 
Mudugamuwa, & Silva, 2008, Miyajima et al., 1995) As mentioned in section 5.6, it has 
been reported that the nc-Si:H intermediate layer of ELC silicon shows an enhancement of 
the band gap due to confinement effect. It has been argued that this enhanced band gap 
layer acts as a barrier for charge transport resulting in a lower photo-current. This 
hypothesis is valid for ELC silicon devices discussed here since cross sectional TEM analysis 
corroborate well with the structure presented in Figure 5.14(a). It can be seen from Figure 
5.14(a) that ELC silicon at 160mJcm"2 consist of three distinct layers. In order to understand 
the behaviour of the NC layer which seems to govern the charge transport properties of the 
solar cell detail TEM analysis was performed.
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Figure 5.14: (a) Cross-sectional transmission electron micrograph showing the layered silicon 
structure upon EL crystallisation (160mJcm“2)- (b) Proposed band diagram for the ELC silicon 
solar cell showing the energy barrier introduced at interfaces.
High resolution TEM images of the ELC silicon at 160mJcm’2 were analysed to verify the 
sizes of the nc-Si:H. Figure 5.15(a) shows the diffraction pattern obtained for intermediate 
and large grain poly silicon area. Further, dark field images were generated for this cross 
section for different crystals observed in diffraction pattern where particular crystals in one 
orientation will be brighter while others will be dark, b, c and d dark field images show 
different orientated crystals chosen from the diffraction pattern numbered 1,2, and 3. Dark 
field image for number 2 show a large crystal in a different orientation to neighbouring 
large poly-silicon crystals. It is evident from the dark field images of Figure 5.15 (b and d), 
the analysis of different sized NCs from ~4 to ~10nm are present in ELC silicon.
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Figure 5.15: Diffraction pattern and corresponding dark field images of ELC silicon sample at
160m Jem'2.
Adikaari et al.'s analysis assumes 4nm NC size in-order to show band gap enhancement 
upto 2.3eV. (Adikaari et al., 2006) Further, silicon NCs have been studied extensively and it 
has been shown that it has a size dependant band gap compared to a-Si:H. (Hu et al., 2006, 
Delly & Steigmeier, 1993) Figure 5.16 shows a correlation of the band gap of silicon NCs 
with the crystal size.
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Figure 5.16: Correlation of band gap and the size of the silicon crystallites,
(Hu et al., 2006)
Figure 5.16 shows the size dependable band gap of NC silicon reproduced from Hu et al., 
(2006). From Figure 5.16, it can be seen that the band gap of NC silicon is above 2eV for NCs 
smaller than 5nm. Therefore, for this analysis it is assumed that the band gap of the NC 
layer in the ELC silicon solar cells is higher than the a-Si:H and the poly-Si layers.
This NCs intermediate layer will act as a barrier for charges generated as shown in Figure 
5.14(b). Also two boundaries between a-Si:H/nc-Si:H and nc-Si:H/poly-Si are expected to 
contain a high density of dangling bonds. These defect states are represented in the 
boundaries of the band diagram in Figure 5.14(b). For generated electrons to reach the Al 
electrode this barrier will have to be overcome. Electrons with insufficient energy will 
readily recombine because of the high defect density at the interface reducing Jsc.
In order to increase Jsc with temperature, photo-generated electrons need to overcome the 
barrier and reach the Al electrode. However, the nc-Si:H barrier which can be estimated to 
a few hundreds meV, cannot be overcome by thermal energy at 50°C.
De Groot et al., (1984a) explain three types of possible emission of charges from these 
types of barriers. Figure 5.7 shows the three different emission mechanisms. Process 1 is 
the thermal emission from either Eti or Et2 which are energy levels for traps. Process 2 is 
field emission as long as the barrier is thin enough for charges to tunnel. Process 3 and 3a 
are the thermionic field emission where charges at Eti and Et2 excite thermally to a higher 
energy level then tunnel through where the barrier is thinner. (De Groot et al., 1984a & b, 
Schwartz & Srikrishnan, 2006, Shanoon, 1977)
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Figure 5.17: Emission processes of two trap levels. (De Groot et al., 1984a)
Therefore, If the defect states at the a-Si:H/nc-Si:H are quite high, with the abundant carrier 
generation through photo-excitation, thermalisation of carriers with cell temperature 
increase would effectively relax the Fermi level pinning at the grain boundary. 
Simultaneously, the charges in the conduction band would have an increased probability of 
overcoming the barrier at the interface through field emission and thermionic field 
emission or both. Hence, depending on the temperature of the cell, more charges will reach 
the contacts, as compared to room temperature operation of the device. This hypothesis is 
consistent with previous theoretical and experimental reports on charge emission at 
interface states in silicon. (De Groot et al., 1984a&b, Moller, 1993)
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Chapter 6
6. ELC silicon and PbS-Nanocrystal hybrid devices
6.1. Introduction
This chapter reports a study which attemps to form a hybrid of ELC silicon with 
semiconductor nanocrystais (NCs). One of the primary objectives was to extend the 
absorption edge and consequently the sensitivity of the devices to the near infrared 
regime, thus extending the hypothesis in this technology. Devices were fabricated using 
PbS-NCs and analysed using mainly IPCE measurements.
6.2. Semiconductor nanocrystais
Semiconductor and metal particles show distinctly different optical, electrical and thermal 
characteristics compared to their bulk materials. Semiconductors with crystal dimensions in 
the order or smaller than their exciton-Bohr radius are known as semiconductor NCs. Due 
to the spatial restriction, the electron and hole wave functions within the NC achieve 
discrete energy levels analogous to a particle in an infinite potential well. This is known as 
quantum confinement phenomena which gives the NCs size tuneable band gaps, larger 
than the bulk value. Furthermore, using facile chemical methods, the nanocrystal particle
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size can be controlled with a high degree of accuracy and repeatability. (Dissanayake., 
2008)
These NCs have been integrated with organic materials for the fabrication of hybrid PVs. 
Hybrid solar cells based on low band gap PbS-NCs have shown promising broadband 
absorption up to near IR regions. Figure 6.1 shows the absorption spectra of PbS-NC 
solutions in toluene used in this experiment and it is observed that the PbS-NCs absorb 
from near infrared to the UV region. An albeit weak but distinct peak is observed centred at 
900nm shown in the expanded curve which is magnified five times. (Dissanayake, Adikaari 
& Silva, 2008) Therefore, a study was conducted to harness solar energy up to the near 
infrared region using these NCs integrated with a-Si:H discussed below.
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Figure 6.1: Absorption of the PbS-NCs with respect to wavelength (black squares) and the five 
times magnified section of the absorption curve from 800 to lOOOnm (blue triangles).
(Dissanayake et al., 2008)
6.3. a-Si:H/PbS-Nanocrystal devices
Device structures containing indium tin oxide (ITO, 500nm)/chemical vapour deposited p+ a- 
SiC:H (12nm)/a-Si:H (~400nm) on glass substrates were used for the proposed device. The 
samples were cleaned using a three stage cleaning process and were dipped in buffered HF
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bath for 25 seconds for native oxide removal. Samples were quickly transferred to a N2 
filled glove box and a ~100nm thick PbS-NCs layer was spin coated on top of the a-Si:H. 
Following this, the devices were moved to an evaporation chamber for organic and metal 
contact deposition. A lOnm film of bathocuproine (BCP) was deposited prior to the top Al 
contact as an exciton/hole blocker. (Yang et al., 2008, Toyoshima et al., 2007, Peumans, 
Bulovic & Forrest, 2000, O'Brien er al., 1999) Figure 6.2 shows the cross section of the 
device structure. A reference a-Si:H device was fabricated without PbS-NCs and BCP layers 
for comparison.
Figure 6.2: Schematic device structure of the a-Si:H /  PbS-NCs hybrid device.
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Figure 6.3: IPCE of the a-Si:H and a-Si:H/PbS-NCs devices.
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Figure 6.3 shows the measured IPCE of a-Si:H/PbS-NCs/BCP and a reference a-Si:H PVs 
immediately after depositing Al back contacts. Due to the rapid degradation of the PbS-NCs 
through oxidation which partially turns the PbS to inslulating PbS04/ the hybrid PV 
characterisation was carried out soon after the fabrication process. (Konstantatos et al., 
2006) It is clearly observed that the a-Si:H device only has a response from ~375 to 
~800nm. Further, it can be observed similar IPCE for both samples in this range confirming 
complete charge transfer for PbS-NCs incorporated device compared to the a-Si:H device. 
The a-Si:H/PbS-NCs/BCP device shows extended spectral response from ~300 to ~1000nm, 
showing promising photo-harvesting in the IR which can be attributed from the PbS-NCs. 
The extended spectral response of the hybrid device is corroborated by the absorption 
coefficient values of the PbS-NCs layer in the corresponding spectral region. From Figure 
6.1, it can be seen that the PbS-NCs have a broad absorption peak around 900nm which can 
be directly attributed to the enhanced responsivity over the IR region in a-Si:H/PbS- 
NCs/BCP PV. (Dissanayake, Adikaari & Silva, 2008)
However, the photo-response in the IR, 800-1000nm (0.2-0.02%), is lower compared to the 
visible region, 450-700nm (range of 30-60%). Although the percentage contribution is 
smaller, this confirms the generation of photocurrent through exciton dissociation between 
a-Si:H and PbS-NCs/BCP. Conversely, UV contribution in a-Si:H/PbS-NCs/BCP is not related 
to absorption of PbS-NCs, although PbS-NCs absorb UV. This is because a-Si:H is a high UV 
absorber with an absorption coefficient of 106crri\ Figure 6.4 shows the transmission of 
ITO/p+SiC:H/a-Si:H structure, it can be concluded that 400nm thick a-Si:H p/i structure on 
glass almost completely absorb UV radiation (<400nm). Hence, transmission of UV through 
400nm a-Si:H layer is minimal (0.001%). However, as seen from Figure 6.3, the 
incorporation of PbS-NC/BCP layer resulted in a clear improvement of device performance 
over this region.
Similar IPCE can be observed for a-Si:H and a-Si:H/PbS-NCs/BCP from 600 to 700nm. 
Comparing transmission data of a-Si:H in this range (600 to 700nm) from Figure 6.4, 
increased optical transmission through a-Si:H p/i structure from 7% at 600nm to 20% at 
700nm and beyond can be observed. This shows that PbS-NCs/BCP layer starts to receive 
over 20% radiation from the initial value after 700nm.
After 700nm, a-Si:H/PbS~NCs/BCP device shows improved IPCE compared to a-Si:H device. 
The distinct similarity observed in IPCE from 600-700nm for a-Si:H and a-Si:H/PbS-NCs/BCP
121
v
devices and the improvement observed after 700nm for PbS-NCs incorporated device 
shows the contribution of PbS-NCs after 700nm in a-Si:H/PbS-NCs/BCP device.
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Figure 6.4: Transmission data of the a-Si:H and ELC silicon at 80 and 160m Jem'2 samples.
Figure 6.5 shows the proposed flat band diagram to elucidate the low IR response of a- 
Si:H/PbS-NCs device with band energies obtained from the literature. (Adikaari, 
Mudugamuwa & Silva, 2008, Centurioni & lencinellad, 2003, Dissanayake et al., 2008, Dong 
et al., 2006, Toyoshima et al., 2007,) A favourable band alignment is expected in Figure 6.5 
between lowest unoccupied molecular orbital level (LUMO) of PbS-NCs and conduction 
band of a-Si:H.
In general, a thin BCP layer is used in organic device fabrication as a buffer layer between 
the organic layer and metal electrode. This is also used for NC devices which improves the 
electronic properties of the devices. This layer is reported to block excitons and holes from 
reaching back electrode to avoid possible recombination whilst extracting photo-generated 
electrons. Even though it is observed that the layer improves electronic properties in these 
devices, its mechanism is still not well understood at present. (Yang et al., 2008, Toyoshima 
et al., 2007, Peumans, Bulovic & Forrest, 2000, O'Brien et al., 1999) A band offset between 
PbS-NC and the BCP layer can be observed from the band diagram shown in Figure 6.5.
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However the effective barrier is reduced due to traps formed on the BCP caused by 
diffusion of Al on the back contact deposition phase. Trap assisted tunnelling is understood 
as the method of electron transport in the BCP layer. Furthermore, since improved charge 
transfer between PbS-NCs and Al has been reported in the presence of BCP as an interfacial 
barrier between PbS-NCs and Al, its effect is ignored in the following discussion. 
(Dissanayake, Adikaari & Silva, 2008)
Figure 6.5: shows the band diagram with the energy levels for an a-Si:H/PbS-NCs device.
Apart from the ignored band offset of the BCP layer, it can be observed that a favourable 
band alignment for electron extraction exists in this configuration.
Holes generated due to photon absorption in the intrinsic a-Si:H are extracted via ITO 
electrode in both devices. Conversely, a barrier of AEX can be seen for the hole extraction 
from the highest occupied molecular orbital level (HOMO) of PbS-NCs to the valance band 
of a-Si:H in this arrangement. The low contribution from PbS-NCs may be due to the hole 
blocking barrier at the a-Si:H and PbS-NCs interface which also acts as a potential barrier 
reducing hole extraction.
It was observed that through the reduction of the interface barrier, the IR sensitivity of 
these solar cells could be improved further. This can be achieved by modifying the interface 
of the a-Si:H converting to poly-silicon using EL crystallisation as shown in Figure 6.6. In this 
process, the top layer of a-Si:H absorbs the EL energy and the process was shown to create
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a sandwiched structure containing a-Si:H, a high band gap nc-Si:H and also leave a low band 
gap poly-Si layer near to the surface, as shown in the previous chapter.
p+
Figure 6.6: The proposed device structure for enhanced electron-hole transport.
Figure 6.7 shows the expected band gap change of a-Si:H due to the EL crystallisation 
process which was discussed in the previous chapter. The barrier between the valance band 
of the ELC silicon and the HOMO level of the PbS-NCs at the ELC silicon/PbS-NCs interface 
was expected to be smaller than the a-Si:H/PbS-NCs interface barrier due to the creation of 
low band gap poly-Si at the surface of ELC silicon. (Adikaari et al., 2006) This reduces the 
interface barrier at the valance band and HOMO level of ELC silicon/PbS-NCs interface 
compared to the a-Si:H/PbS-NCs interface, and is believed to enhance the hole extraction in 
these devices.
Two types of ELC silicon/PbS-NCs/BCP devices were fabricated by crystallising at 80 and 
160mJcm'2 energy densities. The device fabrication procedure was identical to a-Si:H/PbS- 
NCs/BCP and a-Si:H device fabrication methodologies discussed earlier. IPCE and J-V 
measurements were performed soon after Al deposition. Figure 6.8: shows the measured 
IPCEs for the devices measured immediately after fabrication.
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Figure 6.7: The proposed flat band energy diagram of the ELC silicon/PbS-NCs device.
UV and near IR absorption for devices with PbS-NCs/BCP and BCP, compared to a-Si:H and 
ELC silicon can be observed, albeit at very low values. Decreased IPCEs are observed in ELC 
silicon devices compared to non-crystallised a-Si:H devices in 400-800nm range. As 
discussed in chapter 5, ELC silicon devices show lower IPCEs from 400 to 800nm. It was 
presented in chapter 5 that incomplete collection of photo-generated carriers results in low 
Jscs, which are lower IPCEs for ELC silicon devices.
The IPCE of the ELC silicon/PbS-NCs/BCP devices show enhanced contribution in UV and IR 
regions compared to ELC silicon devices. Importantly, an improvement can be observed for 
ELC silicon/PbS-NCs/BCP devices compared to a-Si:H/PbS-NCs/BCP device in the UV and IR 
regions. In order to compare the contributions to Jsc due to these enhanced contributions, 
the possible current components for UV and IR regions were calculated assuming that the 
solar simulation spectrum was identical to AM 1.5G spectrum. The number of photons from 
the AM1.5G in respective wavelengths were calculated and the fraction of charges 
extracted in the external circuit was calculated by multiplying with the IPCE values. The 
total current for these regions (300-400nm, UV and 800-1000nm, IR) were calculated by 
integrating the individual current components at each wavelength. These results are shown 
in Table 6.1 along with Jscs for each cell. This comparison shows that even though the IPCE 
analysis shows enhanced charge collection, the actual contribution to Jscs are small.
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However, the best contributions from the IR region are shown by ELC silicon/PbS-NCs/BCP 
devices.
fc 100
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Figure 6.8: IPCE of the ELC silicon/PbS-NCs/BCP solar cells of 80 (green ) and 160 mJcm'2 
(orange) and the reference ELC silicon devices fabricated at 80 (red) and 160 mJcm'2 (gray). 
IPCE of the a-Si:H (black), a-Si:H/PbS-NCs/BCP (blue) and a-Si:H/BCP (purple) devices are 
also shown here for comparison purposes.
It can be observed from Table 6.1 that the ELC silicon/PbS-NC/BCP device shows higher 
currents in IR region, however the values were lower. This observation suggests that the 
envisaged band alignment discussed with Figure 6.8 could be the reason for higher 
contribution. However, the other aspect of the laser crystallisation is the increased surface 
area due to increased roughness discussed in section 5.2. This enhanced surface area will 
create an effective larger area ELC silicon/PbS-NCs interface compared to a-Si:H/Pbs-NCs 
device. The increased interface area should aid in increased charge collection contributing 
to the enhanced operation.
In order to verify that the hole blocking BCP layer is not the contributor for the enhanced IR 
operation for a-Si:H and ELC silicon, an a-Si:H device with a lOnm BCP hole blocking layer 
was fabricated as well, for which IPCE is also shown in Figure 6.9. Although this device 
shows an improvement in IR region, the effect is low and IR contribution for all the devices
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with PbS-NCs show better performance in this region. This further confirms the consistent 
contribution to photo-current from PbS-NCs in IR region.
Device
Jsc (m Acm 2) from 
IPCE (300-400nm) 
UV
Jsc (m Acm 2) from 
IPCE (800-1000nm) 
IR
Jsc (m Acm 2) from 
IPCE (300-1000nm) 
UV-Vis-IR
a-Si:H 0.060 0.000 7.000
80mjcnv2 0.040 0.000 2.850
160mjcm-2 0.020 0.000 1.980
a-Si:H/BCP 0.290 0.004 9.120
a-Si:H/PbS-NCs 0.210 0.006 8.580
80mJcm-2/PbS-NCs 0.120 0.010 2.810
160mJcnr2/PbS-NCs 0.110 0.023 2.350
Table 6.1: Back calculated current densities (mAcnT2) from IPCE in the range of 300-400n, 800- 
lOOOnm and full spectrum for all the solar cells.
UV region of the a-Si:H/BCP device IPCE curve shows an improvement in UV charge 
collection, although radiation does not reach the back end of the device, as observed from 
Figure 4.13a chapter 4. Further, this suggests that charge collection improves with a BCP 
layer before Al deposition. Further, this improvement is observed to be superior than PbS- 
NCs/BCP incorporated a-Si:H device.
This improvement observed in UV range for a-Si:H devices incorporated with BCP and PbS- 
NCs/BCP is attributed to the interface effects at a-Si:H/BCP/AI and PbS-NCs/BCP/AI 
interfaces. This hypothesis is presented in detail in the discussion section (6.4).
In order to investigate the J-V characteristics of these devices, solar simulation under AM 
1.5G was performed. Figure 6.10 shows J-V characteristics of a-Si:H/BCP cell and PbS- 
NCs/BCP incorporated a-Si:H and ELC silicon solar cells. Poor J-V curves were observed for 
devices incorporated with PbS-NCs/BCP devices. Conversely, a-Si:H/BCP device showed 
impressive J-V characteristics. PV parameters extracted are presented in Table 6.2 for these 
devices.
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Figure 6.9: J-V measurement of the a-Si:H/BCP, a-Si:H/PbS-NCs/BCP and ELC silicon devices
with PbS-NCs/BCP.
Device structure Voc (V ) jsc (m Acm 2) FF (% ) Efficiency (% )
a-Si:H/PbS-NCs/BCP 0.57 0.24 19.3 0.03
a-Si:H/BCP 0.81 8.74 41.5 2.93
ELC Si 80 mJcm 2/PbS-NCs/BCP 0.23 0.59 24.0 0.03
ELC Si 160 mJcm 2/PbS-NCs/BCP 0.40 0.55 22.7 0.05
Table 6.2: Extracted PV characteristics of a-Si:H and ELC silicon devices with PbS-NCs/BCP
including a-Si:H/BCP device.
From table 6.2, it can be seen that ELC silicon/PbS-NCs/BCP devices show higher Jscs 
compared to a-Si:H/PbS-NCs/BCP device. However, very low efficiencies are observed for 
these devices. High Rser,esS values are also observed for these devices leading to poor FFs, 
along with lower Jscs.
Alternatively, a power conversion efficiency of 2.93% was observed for a-Si:H/BCP device, 
which is the highest efficiency observed during this work. Higher Jsc (8.74mAcm'2) and high
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Voc (0.81V) were observed for a-Si:H/BCP device where Voc is close to the best reported 
single cell (0.86V) to date. (Meier et al., 2004b) However, a high series resistance is 
observed for a-Si:H/BCP device as well resulting in lower FF. These results show that 
although charge generation and extraction in IR is observed from PbS-NCs in order to make 
the hybrid cells more efficient, detrimental effects to charge extraction introduced by PbS- 
NCs will have to be eliminated.
6.4. Discussion
Broadband photon absorbing hybrid devices were fabricated with an a-Si:H/PbS-NCs/BCP 
structure. a-Si:H/PbS-NCs/BCP device showed enhanced UV and IR response compared to 
reference a-Si:H device. Analysing the IPCE responses of these devices, charge transport 
between a-Si:H and PbS-NCs was established. Due to the absorption peak at 900nm for 
PbS-NCs and the high optical transmission through a-Si:H device beyond 700nm, suggests 
that the IR response observed for a-Si:H/PbS-NCs/BCP device is mainly due to charges 
generated at PbS-NCs.
Flat band diagram of this device structure was analysed to find avenues to improve the 
1 charge extraction for this hybrid device. According to this diagram an energy gap is 
observed for HOMO level of PbS-NCs and valance band of a-Si:H, which is a barrier for hole 
transport. EL crystallisation was performed on a-Si:H to overcome this problem by creating 
a low band gap poly-Si at the interface.
IPCE analysis shows an improved UV and IR charge collection for ELC silicon/PbS-NCs/BCP 
devices compared to an a-Si:H/PbS-NCs/BCP device. This observation suggests that the 
envisaged favourable band alignment between ELC silicon and PbS-NCs could be the reason 
for improvement. Further, the enhanced surface area from roughening through excimer 
laser is also supposed to be a contributing factor to the improvement.
The enhanced UV response of these devices was attributed to interface effect between a- 
Si:H/BCP/AI and PbS-NCs/BCP/AL A hypothesis can be presented to explain the UV 
response of these samples and the increased Voc and Jsc of the a-Si:H/BCP device. It has 
been shown that wide band gap organic material such as BCP aids in formulating interface 
states which aid charge transport through trap assisted tunnelling. (Peumans, Yakimov & 
Forrest, 2003, Hirose et al., 1996, Limketkai & Baldo, 2005) These observations are relevant
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to this case as well where we use 3.5eV band gap BCP layer between the photo-active layer 
and the metal contact.
a-Si:H without B C P  a-Si:H with BCP
Vbld - built-in potential in the device 
T| - interface states
Figure 6.10: A band diagram of a-Si:H and a-Si:H/BCP devices.
Figure 6.10 shows two possible band structures for an a-Si:H and a-Si:H/BCP devices 
completed with Al contacts. It is known that in an a-Si:H/AI device, a Schottky barrier is 
formed between a-Si:H and Al. In this experiment, due to lack of an n+-layer this Schottky 
barrier acts as a barrier for electrons travelling to the Al contact upon illumination. Once we 
introduce thin BCP layer between a-Si:H and Al, as has been reported, Al diffuses into the 
thin BCP layer creating trap states. These traps have been observed to assist tunnelling 
through the BCP layer resulting in an effective reduction in Schottky barrier for Photo­
generated electrons trying to escape to Al electrode.
The observation that all the devices with a BCP layer showing an enhanced UV performance 
albeit very small, is indirect proof that charge extraction is more efficient with a thin layer 
of BCP for these devices. It has to be mentioned that the best a-Si:H p/i device fabricated in 
this project was with a BCP layer which showed a near 3% efficiency.
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Chapter 7
7. Conclusions
Crystalline silicon has been the main material for solar cells as a renewable energy source. 
The main advantage has been the abundance of this material. However, the production 
costs of crystalline silicon solar cells are still very high. Due to the longer payback time, this 
has caused slower growth into domestic markets. Thin film materials are seen as promising 
substitutes due to the low costs associated with it. a-Si:H is seen as one of the main 
alternatives, which is a cheap thin film material. It is also of non toxic nature and is 
abundant, although has lower efficiencies compared to crystalline silicon. However, the 
mass uptake of a-Si:H PVs were affected due to the inherent degradation of the material 
due to light soaking.
a-Si:H has a direct band gap due to k-conservation rules in amorphous materials as opposed 
to an indirect one for crystalline silicon. Therefore, a-Si:H active layers are In hundreds of 
nanometre thickness compared to several hundred micrometre thick crystalline silicon 
solar ceils. Alternatively, the a-Si:H band gap (1.7eV) is higher compared to crystalline 
silicon (l.leV ), thus limiting the maximum possible current generated from solar 
absorption. Also, it has been observed that a thinner a-Si:H absorber layers give better cell 
stability. Therefore, this project attempted to fabricate a-Si:H and crystalline silicon hybrid 
solar cell structures with the use of a laser crystallisation processes using excimer laser. The 
excimer laser used for the project was a KrF 248nm laser, which is readily absorbed by a- 
Si:H within few tens of nanometres into the thin film. The crystallisation has been reported
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to be in three different regimes depending on film thickness and the laser energy density 
used. These regimes can be categorised as partial melting, near complete melting and 
complete melting; resulting in different grain structures. Complete or near complete 
melting regimes are limited by the film thickness since films start to ablate above a 
threshold energy density. Films thick enough to absorb most of the solar radiation undergo 
partial melting. In this project a-Si:H p/i structure deposited on textured ITO is crystallised 
in a partial melting regime and are used to make solar cells.
Initial experiments conducted determined the best back contact from Al and Au; a low and 
a high work function metal. Fabricated Au and Al back contact solar cells were measured 
under AM 1.5G illumination for characterisation. Analysing the efficiencies and related 
band energies, it was concluded that the low work function metal, Al was the preferred 
choice as the back contact to create an enhanced ohmic contact between the a-Si:H/metal 
interface for a-Si:H solar cell fabrication.
In the process of obtaining an n+-layer to complete the p-i-n devices, As-doped silicon 
wafers were ablated using PLD. Higher initial sheet resistances were observed for these 
films and they were EL crystallised at different energy densities to activate the dopants. 
Significant improvement of conductivity was observed upon annealing. The average rms 
roughness of 324nm was observed for all the samples obtained from PLD, after performing 
AFM. The surface morphology showed micron sized silicon droplets on these samples. The 
inability to realise a smooth thin film from this technique, prevented the route of creating 
an n+-layer using PLD.
As a second method to fabricate an n+-layer, ion implantation of phosphorus was 
investigated. Phosphorus was implanted using different doses and energies in three 
different thicknesses in 400nm thick intrinsic layer of p/i structure as 200, 100 and 50nm 
from the surface. The excess layers of 200nm and lOOnm samples were etched resulting in 
thinner absorber layers and these structures were used to fabricate solar cells. The 
fabricated devices were characterised under AM1.5G illumination. The solar simulation 
result showed that phosphorous implanted devices had poor output characteristics. In 
order to check the effect of the dopant activation, another two sets were laser annealed at 
two different laser energies. However, a significant improvement could not be observed 
from this exercise too. All the devices performed poorly resulting in insignificant 
efficiencies. From the results, it was observed that the 200nm implantation depth cells had 
the poorest performance out of all the devices studied in this section. Therefore, it was
132
concluded that, ion implantation is unsuitable for this specific p/i structure to create p-i-n 
structures.
A third method was attempted to create an n+-layer by diffusing phosphorus into the p/i 
structure. Different intrinsic layer thicknesses were obtained for p/i structures by etching 
the initial 400nm thick layer in 50nm steps. Phosphorus was evaporated and thermal 
annealed (400°C for 30minutes) to activate the n+-layer. Three batches of samples were 
fabricated by using an etching process. The first batch was used as the reference samples 
for each of the thicknesses. The second batch was only thermal annealed as a reference 
(Annealed) and third batch was phosphorus doped and thermal annealed (Doped) for 
device fabrication. Devices were characterised optically by transmission measurements and 
by J-V characteristics under solar simulation and also by IPCE measurements. Attempts 
were made to obtain the dopant profile of some of these devices using differential Hall 
measurements.
As expected from optical transmission measurements, decreasing absorptions were 
observed for thinner samples. However, the device efficiencies were higher for reference 
samples compared to Annealed and Doped samples. Furthermore, differential Hall 
measurements performed for p/i and p-i-n samples showed no conclusive evidence that 
phosphorus atoms diffused are activated through this process. This conclusion was drawn 
because of the high sheet carrier concentrations observed for undoped a-Si:H as well. It 
was suggested that the highly conductive textured ITO layer lying underneath is the reason 
for the observed high carrier concentration. It was also suggested that in order to draw 
meaningful conclusions, this experiment needs to be performed without the conductive 
layer on an insulating substrate.
Subsequent to these experiments, defect creation from EL crystallisation of a-Si:H was 
investigated using DLTS. Reference a-Si:H and ELC silicon samples were analysed for trap 
states in intrinsic silicon. Activation energy of the trap states were obtained for reference a- 
Si:H, however a DLTS peak signal was not observed for ELC silicon samples.
Two types of EL crystallisation techniques; single shot and multiple shot, were conducted to 
integrate intrinsic a-Si:H and poly-Si in order to enhance the power conversion efficiencies 
and stability. However, ELC silicon devices fabricated with these methods demonstrated 
lower device performances compared to the reference devices. For both multiple and 
single shot laser crystallised devices above 80mJcm'2, lower Vocs were observed. These
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lower Vocs were attributed to the effects of surface roughening during EL crystallisation. The 
single shot crystallised surface showed higher rms roughness compared to the multiple shot 
laser crystallised surface. For the multiple shot regime, the maximum height of the surface 
features are smaller in hundreds of nanometres, the order of which is still considerable 
given the initial nominal thickness of the a-Si:H films is 400nm. However, it was evident 
from the cross sectional analysis of the 160mJcm'2 sample, that it is still possible for heat to 
reach the p/i interface at the thinner areas of the device. Therefore, thermal damage at this 
p/i interface could change the properties of the junction resulting in a reach through effect 
reducing the Voc of the whole cell. Further, the thin areas of the solar cell results in reducing 
Rshunt which will in turn affect the FFs of these devices. The increase in Rseries was attributed 
to the thermal damage of the p/i interface resulting in deviation from the near-ohmic 
nature of the p+a-SiC:H and TCO.
The significant decrease of the Jscs of ELC silicon devices was suggested to be due to a 
number of aspects. After confirming that optical absorption is similar for reference and EL 
silicon devices, it was concluded that the drastic reduction of Jsc upon laser crystallisation is 
due to carrier recombination and poorer charge extraction compared to the a-Si:H devices. 
It was further suggested that, previously reported enhanced band gap of nc-Si:H layer 
formed in the middle of the cell structure upon crystallisation acts as a barrier for photo­
generated electrons to drift to the Al electrode, thereby increasing the recombination 
probability.
An increase in photo-current density was observed for ELC silicon devices with time. This 
was observed to be reversible with repeated measurements after allowing the samples to 
cool down to room temperature. Since the only repeatable parameter in this case was the 
cell temperature over a long exposure to stimulated sun light, in order to verify the 
observation, temperature dependent J-V measurements were made under simulated 
irradiation. This secondary experiment confirmed the reversible nature of the increased 
photo-current. In order to explain this phenomenon, a temperature dependent trap 
assisted transport hypothesis was presented. This hypothesis makes use of the enhanced 
band gap of this fine grained nc-Si:H from EL crystallisation. Enhanced band gap of the nc- 
Si:H layer was supposed to be a barrier for photo-generated carrier transport, thereby 
increasing recombination probability. TEM analysis was utilised at this point to confirm the 
nanocrystalite sizes necessary for band gap enhancement. It was suggested that, if the 
defect states at the a-Si:H/nc-Si:H are quite high, with the abundant carrier generation
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through photo-excitation, thermalisation of carriers with cell temperature increase would 
effectively relax the Fermi level pinning at the grain boundary. Further, it was suggested 
that then, the charges in the conduction band would have an increased probability of 
overcoming the barrier at the interface through field emission and thermionic field 
emission or both, explaining the reversible increase of Jsc.
Lastly, broadband photon absorbing hybrid device fabrication with an a-Si: H/PbS-NCs/BCP 
structure was attempted. a-Si:H/PbS-NCs/BCP device showed enhanced UV and IR 
response compared to reference a-Si:H device. Analysing the IPCE responses of these 
devices, charge transport between a-Si:H and PbS-NCs was established. Due to the 
absorption peak observed at 900nm for PbS-NCs and the high optical transmission through 
a-Si:H device beyond 700nm, it was suggested that the IR response observed for a- 
Si:H/PbS-NCs/BCP device is mainly due to charges generated at the PbS-NCs.
It was proposed that, EL crystallisation would create better band alignment between poly-Si 
and PbS-NCs. Therefore, ELC silicon/PbS-NCs/BCP devices were fabricated. As expected an 
enhanced performance in terms of IPCE were observed for these devices. It was proposed 
that the improvement was due to envisaged favourable band alignment and enhanced 
surface roughening caused by EL crystallisation. It was proposed that the enhanced UV 
contribution observed in these devices is due to the utilisation of BCP layer. It has been 
reported that the presence of BCP layer results in creating trap states through Al diffusion 
at the interface. Therefore, it is believed that trap assisted tunnelling results in low 
resistance contact between BCP and Al. This low resistance at the contact improves the 
charge collection and is visible at UV since without BCP no contribution was observed. This 
hypothesis was found to be agreeable for an a-Si:H p/i cell with a lOnm BCP layer between 
Al and a-Si:H. This cell structure produced the best efficiency close to 3% with IPCE 
measurement clearly showing enhanced UV and near IR improvements.
The outcomes of this project confirms that laser crystallisation with EL is unsuitable for the 
realisation of satisfactory absorber layers using a-Si:H and that some aspects such as 
reversible increase of Jsc may be useful for sensing applications.
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